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@) Lithium secondary battery and method of manufacturing carbonaceous material for negative 
electrode of the battery. 

(57) A lithium secondary battery having a high 
capacity and excellent in charge-discharge effi- 
ciency, cycle life, flatness of a discharge volt- 
age, and rapid charge-discharge cycle 
characteristics is disclosed. This lithium secon- 
dary battery includes a positive electrode (4) 
housed in a case (1), a negative electrode (6) 
housed in the case (1) and containing a car- 
bonaceous material which has an exothermic 
peak at 700°C or more when measured by a 
differential thermal analysis and an intensity 
ratio P 10 i/Pioo of a (101) diffraction peak P 101 to a 
(100) diffraction peak P 100 of a graphite struc- 
ture, obtained by X-ray diffraction analysis, of 
0.7 to 2.2, and absorbs and desorbs lithium 
ions, a separator (5) housed in the case (1) so as 
to be arranged between the positive and nega- 
tive electrodes, and a nonaqueous electrolyte FIG \ 
contained in the case (1). 
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The present invention relates to a lithium secondary battery and, more particularly, to a lithium secondary 
battery which exhibits excellent battery characteristics by improving the constitution of a negative electrode. 
The present invention also relates to a method of manufacturing a negative electrode carbonaceous material 
suitable for a lithium secondary battery. 

5 Recently, nonaqueous electrolyte batteries using lithium as their negative electrode active materials have 

attracted attention as high-energy-density batteries. As an example, primary batteries using, e.g., manganese 
dioxide (Mn0 2 ), carbon fluoride [(CF 2 )n], and thionyl chloride (SOCf^, as their positive electrode materials, 
are widely used as power sources of calculators and watches and backup batteries of memories. 

In addition, with recent reduction in size and weight of various electronic devices, such as VTRs and com- 

10 munication devices, a demand has increasingly arisen for high-energy-density secondary batteries as power 
sources of these devices. To meet this demand, active researches have been made on lithium secondary bat- 
teries using lithium as a negative electrode material. 

These researches have been made on a lithium secondary battery comprising a negative electrode con- 
sisting of lithium; a nonaqueous electrolyte, in which a lithium salt, such as LiCf 0 4 , LiBF 4 , or LiAsF 6 , is dissolved 

15 in a nonaqueous solvent, such as propylene carbonate (PC), 1 ? 2-dimethoxyethane (DME), y-butyrolactone (y- 
BL), or tetrahydrofuran (THF), or a lithium-ion-conductive solid electrolytic salt; and a positive electrode con- 
taining an active material mainly consisting of a compound which topochemically reacts with lithium, such as 
TiS 2 , MoS 2 , V 2 0 5 , V 6 0 13 , and Mn0 2 . 

No lithium secondary battery with the above arrangement, however, has been put into practical use. This 

20 is so mainly because the charge-discharge efficiency is low and the number of times by which charge and 
discharge are possible is small (i.e., the cycle life is short). It is considered that the major cause for this is 
degradation in lithium due to the reaction between lithium of the negative electrode and the nonaqueous elec- 
trolyte. That is, the surface of lithium which is dissolved as lithium ions in the nonaqueous electrolyte during 
discharge is partially inactivated by reacting with the nonaqueous solvent contained in the electrolyte when it 

25 precipitates from the nonaqueous electrolyte during charge. As a result, when charge and discharge are re- 
peatedly performed, lithium precipitates into dendrites or globules or leaves a collector of the negative elec- 
trode. 

For these reasons, lithium secondary batteries having negative electrodes containing carbonaceous ma- 
terials which absorb and desorb lithium ions, such as coke, a resin sintered product, a carbon fiber, and pyrolytic 

30 carbon, have been proposed. A lithium secondary battery having a negative electrode of this type can reduce 
degradation in negative electrode characteristics by suppressing the reaction between lithium and the nona- 
queous electrolyte and hence the precipitation of dendrites. 

It is considered that in the negative electrode containing the above carbonaceous material, absorption and 
desorption of lithium ions occur in a portion of a structure (graphite structure) in which hexagonal-net-plane 

35 layers consisting primarily of carbon atoms are stacked, particularly in portions between these hexagonal- net- 
plane layers, thereby causing charge and discharge. It is, therefore, required to use a carbonaceous material, 
in which a graphite structure is developed to some extent, as the negative electrode of a lithium secondary 
battery. However, the negative electrode containing the carbonaceous material obtained by powdering giant 
crystals that are highly graphitized decomposes the nonaqueous electrolyte, decreasing the capacity and the 

40 charge-discharge efficiency of a battery. Especially when a lithium secondary battery having the above neg- 
ative electrode is operated at a high current density, the capacity, and the voltage during charge-discharge 
of the battery decrease significantly because of the diffusion limitation caused by the slow diffusion rate of 
lithium ions. In addition, the crystal structure or the fine structure of the carbonaceous material collapses as 
the charge-discharge cycle progresses. This impairs the ability of the material to absorb and desorb lithium 

45 ions, resulting in a short cycle life. 

Furthermore, like the negative electrode containing the carbonaceous material obtained by powdering 
giant crystals such as natural graphite, a negative electrode containing a fine powder of carbon fibers which 
are highly graphitized decomposes the nonaqueous electrolyte, with the result that the performance as the 
negative electrode is largely degraded. 

so a carbonaceous material consisting of coke or carbon fibers with a low graphitization degree, on the other 
hand, can suppress decomposition of the solvent to some extent. A negative electrode containing a carbona- 
ceous material of this type, however, has problems of a low capacity, a low charge-discharge efficiency, a high 
overvoltage during charge and discharge, a low flatness of the discharge voltage of a battery, and a short cycle 
life. 

55 Published Unexamined Japanese Patent Application Nos. 62-268058, 2-82466, 4-61747, 4-115458, 4- 

184862, and 4-190557 disclose various carbonaceous materials which obtain optimal parameters of the graph- 
ite structure by controlling the degree of graphitization. However, negative electrodes containing these carbo- 
naceous materials do not necessarily have sufficiently good characteristics. 
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It is an object of the present invention to provide a lithium secondary battery having a high capacity and 
excellent in charge-discharge efficiency, cycle life, flatness of a discharge voltage, and rapid charge-discharge 
cycle performance. 

5 It is another object of the present invention to provide a method of manufacturing a negative electrode car- 

bonaceous material suitable for the above lithium secondary battery having superior characteristics. 

According to one aspect of the present invention, there is provided a lithium secondary battery comprising: 
a positive electrode housed in a case; 

a negative electrode housed in the case and containing a carbonaceous material which has an exo- 
10 thermic peak at 700°C or more when measured by a differential thermal analysis, and an intensity ratio 
P101/P100 of a (101) diffraction peak P 10 i to a (100) diffraction peak P 100 of a graphite structure, obtained byX- 
ray diffraction analysis, of 0.7 to 2.2, and absorbs and desorbs lithium ions; 

a separator housed in the case so as to be arranged between the positive and negative electrodes; and 
a nonaqueous electrolyte contained in the case. 
15 According to another aspect of the present invention, there is provided a lithium secondary battery com- 

prising: 

a positive electrode housed in a case; 

a negative electrode housed in the case and containing a carbonaceous material which has an exo- 
thermic peak at 700°C or more when measured by a differential thermal analysis, a mean length La of a crys- 
20 tallite in an a-axis direction of a graphite structure, which is derived from a diffraction peak of a (110) plane 
obtained by X-ray diffraction analysis, of 20 to 1 00 nm, and a sulfur content of 1 ,000 ppm or less, and absorbs 
and desorbs lithium ions; 

a separator housed in the case so as to be arranged between the positive and negative electrodes; and 
a nonaqueous electrolyte contained in the case and consisting of a solvent mixture containing ethylene 
25 carbonate and at least one type of a nonaqueous solvent, which has a melting point lower than the melting 
point of ethylene carbonate and a donor number of 18 or less, and a lithium salt dissolved in the solvent mixture. 

According to still another aspect of the present invention, there is provided a lithium secondary battery 
comprising: 

a positive electrode housed in a case; 
30 a negative electrode housed in the case and containing a carbonaceous material which has an exo- 

thermic peak at 700°C or more when measured by a differential thermal analysis, a content of each metal ele- 
ment of 0 to 50 ppm, a silicon content of 0 to 50 ppm, a nitrogen content of 0 to 1 ,000 ppm, and a sulfur content 
of 0 to 1,000 ppm, and absorbs and desorbs lithium ions; 

a separator housed in the case so as to be arranged between the positive and negative electrodes; and 
35 a nonaqueous electrolyte contained in the case. 

According to still another aspect of the present invention, there is provided a lithium secondary battery 
comprising; 

a positive electrode housed in a case and containing, as an active material, a lithium metal compound 
which includes at least one metal selected from the group consisting of cobalt, nickel, manganese, vanadium, 
40 titanium, molybdenum, and iron; 

a negative electrode housed in the case and containing a carbonaceous material which has an inter- 
planar distance d 0 02 of (002) planes of a graphite structure, obtained by X-ray diffraction analysis, of 0.340 nm 
or less, and absorbs and desorbs lithium ions; 

a separator housed in the case so as to be arranged between the positive and negative electrodes; and 
45 a nonaqueous electrolyte contained in the case, 

wherein a ratio of a thickness of the positive electrode to a thickness of the negative electrode is 2 : 1 
to 0.9 : 1 , and a ratio of a weight per unit area of the positive electrode to a weight per unit volume of the negative 
electrode is 4: 1 to 2: 1. 

According to still another aspect of the present invention, there is provided a lithium secondary battery 
so comprising: 

a positive electrode housed in a case and containing, as an active material, a lithium metal compound 
which includes at least one metal selected from the group consisting of cobalt, nickel, manganese, vanadium, 
titanium, molybdenum, and iron; 

a negative electrode housed in the case and containing a carbonaceous material which has an inter- 
55 planar distance doo2 of (002) planes of a graphite structure, obtained by X-ray diffraction analysis, of 0.340 nm 
or less, and absorbs and desorbs lithium ions; 

a separator housed in the case so as to be arranged between the positive and negative electrodes; and 

a nonaqueous electrolyte contained in the case, 

wherein a bulk density of the carbonaceous material of the negative electrode is 1.35 to 1.80 g/cm 3 . 
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According to still another aspect of the present invention, there is provided a method of manufacturing a 
carbonaceous material for a negative electrode of a battery, comprising the steps of: 

carbonizing through a heat treatment at least one material selected from coke and one of fibrous and 
5 spherical carbon materials obtained from a pitch having anisotropy, thereby forming a carbon product; 
pulverizing the carbon product into a carbon product powder; and 
graphitizing the carbon product powder through a heat treatment at 2,000°C or more. 
This invention can be more fully understood from the following detailed description when taken in conjunc- 
tion with the accompanying drawings, in which: 
10 Fig. 1 is a partial sectional view showing a cylindrical lithium secondary battery according to the present 

invention; 

Fig. 2 is a graph showing the relationship between the charge-discharge cycle and the discharge capacity 

of a lithium secondary battery of each of Examples 1 to 5 and Comparative Examples 1 and 2; 

Fig. 3 is a graph showing the relationship between the charge current and the discharge current of a lithium 
15 secondary battery of each of Examples 1 to 3 and Comparative Examples 1 and 2; 

Fig. 4 is a graph showing the relationship between the charge-discharge cycle and the discharge capacity 

of a lithium secondary battery of each of Examples 6 to 11 and 16 and comparative Examples 4 to 7; 

Fig. 5 is a graph showing the discharge curves of Example 7 and Comparative Example 7; 

Fig. 6 is a graph showing the relationship between the charge-discharge efficiency in the first cycle and 
20 the sulfur content of a negative electrode of a lithium secondary battery of each of Examples 12 to 15 and 

1 7 and Comparative Example 8; 

Fig. 7 is a graph showing the relationship between the charge-discharge cycle and the discharge capacity 
of a lithium secondary battery of each of Examples 18 and 19 and Comparative Examples 9 and 10; and 
Fig. 8 is a graph showing the relationship between the charge-discharge cycle and the discharge capacity 
25 of a lithium secondary battery of each of Examples 20 to 27 and Comparative Examples 11 to 14. 

A lithium secondary battery (e.g., a cylindrical lithium secondary battery) according to the present inven- 
tion will be described in detail below with reference to Fig. 1. 

Referring to Fig. 1, an insulator 2 is arranged on the bottom of a cylindrical case 1 having a bottom and 
consisting of, e.g., stainless steel. An electrode group 3 is housed in the case 1. The electrode group 3 has a 
30 structure in which a band-like member formed by stacking a positive electrode 4, a separator 5, and a negative 
electrode 6 in this order is spirally wound such that the negative electrode 6 is located outside. The separator 
5 consists of, e.g., a synthetic resin nonwoven fabric, a polyethylene porous film, or a polypropylene porous 
film. 

An electrolyte is contained in the case 1. Insulating paper 7 having an opening form in its central portion 
35 is placed above the electrode group 3 in the case 1 . An insulating seal plate 8 is arranged at the upper opening 
portion of the case 1 and liquid-tightly fixed to the case 1 by caulking the upper opening portion inwardly. A 
positive electrode terminal 9 is fitted in the central portion of the insulating seal plate 8. On end of a positive 
electrode lead 10 is connected to the positive electrode 4, and its other end is connected to the positive elec- 
trode terminal 9. The negative electrode 6 is connected to the case 1, as a negative electrode terminal, via a 
40 negative electrode lead (not shown). 

The details of the constitution of the positive electrode 4, the negative electrode 6, and the nonaqueous 
electrolyte will be described below. 

1) Constitution of positive electrode 4 

45 

The positive electrode 4 is manufactured by, e.g., suspending an active material, a conductive agent, and 
a binder in an appropriate solvent, coating the resultant suspension on a collector, and drying the resultant 
structure into a thin plate. 

The active material is preferably a metal compound which includes at least one metal selected from the 
so group consisting of cobalt, nickel, manganese, vanadium, titanium, molybdenum, and iron, and also contains 
lithium. Examples of the metal compound are lithiummanganese composite oxide, lithium-containing nickel 
oxide, a lithium-containing cobalt compound, lithium-containing nickel-cobalt oxide, lithium-containing vana- 
dium oxide, and a lithium-containing chalcogen compound such as lithium-containing titanium disulfide or li- 
thium-containing molybdenum disulfide. Among these metal compounds, lithium-cobalt oxide (LiCo0 2 ), li- 
55 thium-nickel oxide (LiNi0 2 ), and lithium-manganese oxide (LiMn 2 0 4 , LiMn0 2 ) are particularly preferable be- 
cause a high voltage can be obtained. 

Examples of the conductive agent are acetylene black, carbon black, and graphite. 
Examples of the binder are polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), an ethylene- 
propylene-diene copolymer (EPDM), and styrene-butadiene rubber (SBR). 
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The mixing ratios of the active material, the conductive agent, and the binder are preferably 80 to 95 wt% 
of the active material, 3 to 20 wt% of the conductive agent, and 2 to 7 wt% of the binder. 

Preferable examples of the collector are an aluminum foil, a stainless steel foil, and a nickel foil, each 10 
5 to 40 urn in thickness. 

2) Constitution of negative electrode 6 

The negative electrode 6 is manufactured by, e.g., suspending a carbonaceous material and a binder in 
an appropriate solvent, coating the resultant suspension on a collector, and drying the resultant structure into 
a thin plate. 

Examples of the binder are polytetraf luoroethylene (PTFE), polyvinylidene fluoride (PVDF), an ethylene- 
propylene-diene copolymer (EPDM), styrene-butadiene rubber (SBR), and carboxymethylcellulose (CMC). 

The mixing ratios of the carbonaceous material and the binder are preferably 90 to 98 wt% of the carbo- 
naceous material and 2 to 10 wt% of the binder. In particular, the carbonaceous material is contained in an 
amount of preferably 5 to 20 mg/cm 2 on one side of a collector when the negative electrode 6 is completed. 

Preferable examples of the collector are a copper foil, a stainless steel foil, and a nickel foil, each 5 to 30 
\im in thickness. 

Examples of the carbonaceous material are those explained in items 2-1) to 2-3) below. Note that the 
measurements and the definitions of a differential thermal analysis, La, d 002 , Lc, and an intensity ratio P 10 i/Pioo. 
each for determining the carbonaceous material, are as follows. 

(a) The values of a differential thermal analysis were measured in the air at a heating rate of 10°C/min 
and a sample weight of 3 mg. 

(b) All measurement data of X-ray diffraction analysis were obtained by using CuKa, as an X-ray source, 
and high-purity silicon, as a standard substance. La, d 002 » and Lc were calculated from the position and 
the half width of each diffraction peak. The calculation was performed by a hlf-width mid-point method 

kA, 

using of the Scherrer's equation, L = p CQsQ . where L represented the size of a crystallite corresponding 

to diffraction angle 0, X represents the wavelengh of X-ray, and p represents an intensity correct. 

(c) A length La of a crystallite in the a-axis direction and a length Lc of a crystallite in the c-axis direction 
were values obtained when K, as a form factor of a Scherrer's equation, was 0.89. 

(d) An intensity ratio P 10 i/Pioo of a (101) diffraction peak P 1(M to a (100) diffraction peak P t00 obtained by 
X-ray diffraction analysis was calculated from the height ratio of the peaks. 

- . 35 2-1) Carbonaceous material 

This carbonaceous material has an exothermic peakat700°C or more, preferably 800°C or more, and more 
preferably 840°C or more when measured by the differential thermal analysis in air. The value of the exotherm- 
ic peak obtained by the differential thermal analysis is a measure of the carbon-carbon bonding force of a car- 

40 bonaceous material or form and size of a carbonaceous material. A carbonaceous material having an exo- 
thermic peak within this range has a graphite structure developed to a proper degree and exhibits a property 
of reversibly absorbing and desorbing lithium ions to and from between hexagonal-net-plane layers in the 
graphite structure. In addition, this carbonaceous material is considered to have few amorphous carbons which 
are active with respect to a nonaqueous solvent 

45 A carbonaceous material having an exothermic peak at less than 700°C contains a carbonaceous material 
in which a graphite structure is not fully developed yet. Therefore, lithium ions are not much reversibly absorbed 
to and desorbed from between hexagonal-net-plane layers in the graphite structure. In addition, flatness of a 
discharge voltage and battery voltage are decreased. It is also considered that a large amount of a fine powder 
consisting of amorphous carbon atoms which are active with respect to a nonaqueous solvent exists, and so 

so the nonaqueous solvent is easily, reductively decomposed. 

In this carbonaceous material, it is required that the intensity ratio P 10 i/Pioo of the (101) diffraction peak 
P 101 to the (100) diffraction peak P 100 of the graphite structure, obtained by X-ray diffraction analysis, be 0.7 
to 2.2. A carbonaceous material having an intensity ratio P101/P100 of 0.8 to 1 .8 is particularly preferable in that 
the battery capacity, the charge-discharge efficiency, rapid charge-discharge cycle, and the cycle life can be 

55 improved. 

It is considered that a carbonaceous material having an intensity ratio P 10 i/Pioo within the above range 
has a graphite structure developed to a proper degree, and hexagonal-net-plane layers stacked in this graphite 
structure have appropriate displacements, twists, and angles to one another. When the stacked hexagonal- 
net-plane layers have appropriate displacements,'twists, and angles to one another as described above, lithium 

5 
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ions diffuse more easily between the hexagonal-net-plane layers, so the carbonaceous material presents a 
property of reversibly, rapidly absorbing and desorbing a large number of lithium ions. In addition, the carbo- 
naceous material with the above constitution hardly causes collapse of the graphite structure when lithium ions 
5 are absorbed to or desorbed from between layers. When the graphite structure is collapsed by absorption and 
desorption of lithium ions to and from between layers, the amount of absorption and desorption of lithium ions 
decreases, and surfaces which are active with respect to a nonaqueous solvent are produced, making reductive 
decomposition of the nonaqueous solvent easier. In addition, fine crystals collapsed similarly, reductively de- 
compose the nonaqueous solvent. 
w In a carbonaceous material having an intensity ratio P101/P100 exceeding 2.2, a graphite structure (e.g., 

natural graphite) develops to decrease displacements, twists, and angles between hexagonal-net-plane layers. 
In such a carbonaceous material, the amount of absorption and desorption of lithium ions decreases especially 
under a charge-discharge condition with a high rate of, e.g., 1 mA/cm 2 or more. In addition, the surface of the 
carbonaceous material with this constitution is active with respect to a nonaqueous solvent. Therefore, the 
15 nonaqueous solvent is easily, reductively decomposed by the carbonaceous material, reducing the capacity, 
the charge-discharge efficiency, and the cycle life of a lithium secondary battery. 

A carbonaceous material having an intensity ratio P 10 i/Pioo of less than 0.7, on the other hand, contains 
a large amount of a carbonaceous material having an underdeveloped graphite structure, and this excessively 
increases displacements, twists, and angles between hexagonal-net-plane layers. The carbonaceous material 
20 with this constitution, therefore, causes a decrease in reversible absorption and desorption of lithium ions to 
and from between the hexagonal-net-plane layers, decreasing the capacity, the charge-discharge efficiency, 
and the cycle life of a lithium secondary battery. 

The above carbonaceous material preferably has the characteristics described in items (1) to (8) below in 
addition to the above-mentioned characteristics. 
25 (1) A carbonaceous material having a mean length La of a crystallite in the a-axis direction of a graphite 
structure, which is derived from a diffraction peak of a (110) plane obtained by X-ray diffraction analysis, 
of preferably 20 to 100 nm, and more preferably 40 to 80 nm. Note that the shape of an a-axis plane in 
the graphite structure of the carbonaceous material is preferably a rectangle. 

In the carbonaceous material having La within the above range, a graphite structure is developed to 
30 a proper degree, and the length of a crystallite in the a-axis direction is appropriate, so lithium ions easily 
diffuse between hexagonal-net-plane layers. In addition, the carbonaceous material with the above con- 
stitution increases the number of sites through which lithium ions are absorbed and desorbed and hence 
has a property of facilitating absorption and desorption of a larger number of lithium ions. 

A carbonaceous material having La exceeding 100 nm forms giant crystals to decrease rate of lithium 
35 ions diffusing between hexagonal-net-plane layers. This makes it difficult to ensure absorption and des- 
orption of lithium ions. In addition, since the surface of this carbonaceous material is active with respect 
to a nonaqueous solvent, the nonaqueous solvent is easily, reductively decomposed. A carbonaceous ma- 
terial having La of less than 20 nm, on the other hand, contains a large amount of a carbonaceous material 
in which a graphite structure is not fully developed yet. This may decrease reversible absorption and des- 
40 orption of lithium tons to and from between hexagonal-net-plane layers. 

(2) A carbonaceous material having a mean interplanar distance doo2 of (002) planes, obtained by X-ray 
diffraction analysis, of preferably 0.370 nm or less, and more preferably 0.340 nm or less. It is particularly 
desirable that the mean interplanar distance doo2 of a carbonaceous material be preferably 0.3358 to 
0.3440 nm, more preferably 0.3359 to 0.3380 nm, and most preferably 0.3370 to 0.3380 nm. 

45 In a carbonaceous material having a mean interplanar distance d 002 within the above range, the in- 

terplanar distance between hexagonal-net-plane layers is suitable for rapid absorption and desorption of 
lithium ions to and from between the hexagonal-net-plane layers. 

A carbonaceous material having a mean interplanar distance doo2 exceeding 0.370 nm has a low ca- 
pacity and a high overvoltage during charge and discharge, and so the rapid charge-discharge perfor- 

50 mance tends to decrease. In addition, the battery performance also tends to decrease: for example, the 
flatness of a voltage during discharge of a battery decreases. 

(3) A carbonaceous material having a size Lc of a crystallite in the c-axis direction,- obtained by X-ray dif- 
fraction analysis of preferably 15 nm or more, and more preferably 20 to 100 nm. 

A carbonaceous material having Lc within the above range has a graphite structure that is developed 
55 to a proper degree, and exhibits a property of reversibly absorbing and desorbing a large number of lithium 

ions. 

(4) A carbonaceous material having a ratio La/Lc of La to Lc, described above, of 1.3 to 2.5. 

A carbonaceous material having La/Lc of less than 1.3 decreases the number of sites through which 
lithium ions are absorbed and desorbed to and from between carbon layers, and so the negative electrode 

6 
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capacity may decrease. A carbonaceous material having La/Lc exceeding 2.5, on the other hand, increas- 
es a diffusion resistance with absorption and desorption of lithium ions. This may degrade the rapid charge- 
discharge performance. 

5 (5) As a measure of the ratio of a graphite structure to an amorphous structure both constituting a carbo- 

naceous material, a Raman spectrum of the carbonaceous material measured using an argon laser (wa- 
velength 514.5 nm) as a light source is available. The Raman spectrum measured fora carbonaceous ma- 
terial has a peak appearing near 1,360 cm- 1 , which is derived from an amorphous structure, and a peak 
appearing near 1,580 cm- 1 , which is derived from a graphite structure. A carbonaceous material preferably 

10 has a peak intensity ratio, i.e., a ratio R1/R2 of a peak intensity (R1) at 1,360 crrr 1 to a peak intensity (R2) 

at 1,580 crrr 1 in the above argon laser Raman spectrum (wavelength 514.5 nm) of 0.7 or less. 

(6) A carbonaceous material having a true density of 2.15 g/cm 3 or more. Note that the true density is re- 
lated to the degree of graph itization of the carbonaceous material. 

(7) A carbonaceous material having a sulfur content of 0 to 1,000 ppm. 

15 A carbonaceous material containing sulfur within the above range or not containing sulfur at all increas- 

es the amount of absorption and desorption of lithium ions and reduces decomposition of a nonaqueous 
solvent. 

This is so because in a carbonaceous material which has an exothermic peak at 700°C or more when 
measured by the differential thermal analysis, and in which a graphite structure is developed to some ex- 
20 tent, if the sulfur content is 1 ,000 ppm or less (including 0 ppm), defects in the graphite structure are small 
in number, and consequently the graphite structure becomes difficult to collapse and the amount of ab- 
sorption and desorption of lithium ions increases. Therefore, a lithium secondary battery having a negative 
electrode containing the above carbonaceous material is improved in capacity, charge-discharge efficien- 
cy, and cycle life. 

25 The carbonaceous material having a sulfur content of 1,000 ppm or less (including 0 ppm) can also 

reduce the decomposition of a nonaqueous solvent caused by a reaction of the nonaqueous solvent and 
lithium ions with respect to sulfur or a sulfur compound, and can reduce the retardation of an electrode 
reaction. Therefore, a lithium secondary battery having a negative electrode containing the above carbo- 
naceous material is improved in charge-discharge efficiency and cycle life. 

30 That is, the reaction between sulfur and lithium ions in the carbonaceous material produces a stable 

group, such as LiS-, or a compound, such as LiS. It is considered that the production of such a group or 
a compound prevents lithium from contributing to the reversible absorption-desorption reaction. It is also 
considered that the compound produced, such as LiS, becomes obstacles between hexagonal-net-plane 
layers, preventing smooth insertion of lithium ions. 

35. It is, therefore, possible to improve the charge-discharge efficiency and the cycle life of a lithium sec- 

ondary battery by setting the content of sulfur, which inhibits the performance of a carbonaceous material, 
to 1,000 ppm or less, or 0 ppm. 

(8) A carbonaceous material having a content of each of various metal elements, such as Fe and Ni, of 0 
to 50 ppm, a silicon content of 0 to 50 ppm, and an oxygen content of 0 to 500 ppm. 

40 in a carbonaceous material having the content of each impurity element exceeding the above range, li- 
thium ions between carbon layers may be reacted with the impurity element or trapped in it, decreasing the 
amount of lithium contributing to a battery reaction. 

The above carbonaceous material preferably consists of either fibers, which are distributed at a ratio of 
90 vol% or more within the range of a length of 0.5 to 100 urn and have an average diameter of 1 to 30 urn, 

45 or particles, which are distributed at a ratio of 90 vol% or more within the range of a particle size of 1 to 100 
nm and have an average particle size of 1 to 80 urn. | n addition, the carbonaceous material in the above form 
preferably has a specific surface area of 0.1 to 100 m 2 /g when measured by a BET method using IM 2 gas ad- 
sorption. 

The carbonaceous material in the above form can increase the bulk density in the manufacture of a neg- 
so ative electrode. The carbonaceous material in the above form can also decrease the content of a carbonaceous 
material, which is active with respective to a nonaqueous solvent and has a collapsed graphite crystal structure, 
or the content of amorphous carbon, thereby suppressing reductive decomposition of the nonaqueous solvent. 

In particular, a carbonaceous material containing only 5 vol% or less of fine fibers or particles with a di- 
ameter of 0.5 nm or less can further decrease the content of the carbonaceous material with the collapsed 
55 graphite crystal structure or the amorphous carbon, thus further reducing reductive decomposition of the non- 
aqueous solvent. 

In contrast, a carbonaceous material having a particle size distribution and a specific surface area, meas- 
ured by the BET method using N 2 gas adsorption, falling outside the above ranges, has large contents of the 
amorphous carbonaceous material and the carbonaceous material with the collapsed graphite crystal struc- 
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ture, so reductive decomposition of a solvent occurs more easily. In addition, it becomes difficult to manufacture 
a negative electrode with a high bulk density of the carbonaceous material. 

A method of manufacturing the carbonaceous material of item 2-1) above, i.e., the carbonaceous material 
5 having an exothermic peak at 700°C or more when measured by the differential thermal analysis and an in- 
tensity ratio P101/P100 of 0.7 to 2.2, which is the ratio of the (101) diffraction peak P 1CM to the (100) diffraction 
peak P 10 o of a graphite structure obtained by X-ray diffraction analysis, will be described below. 

(i) First, coke is prepared by sintering coal tar, a petroleum pitch, or a synthetic pitch. In addition, a pitch 
having anisotropy is extracted from these material. The anisotropy of the precursor has optical heterogeneous 

10 properties. The typical pith having an anisotropy is a mesophase pitch. 

It is preferred that the coal tar, the petroleum pitch, or the synthetic pitch have a small content of sulfur. 
The use of such a material can provide coke or a pitch with anisotropy, which has a few defects in a lattice of 
a graphite structure, through a heat treatment at relatively low temperatures. It is particularly preferable to se- 
lectively use a material having a few carbon-sulfur chemical bonds in aromatic condensed carbon that an or- 
is ganic substance constitutes. That is, the carbon-sulfur chemical bond in aromatic condensed carbon is hard 
to rupture compared to a C-S bond in which a sulfur atom is present as a part of a substituent, making elim- 
ination of sulfur difficult. Therefore, a material with a few carbon-sulfur chemical bonds in aromatic condensed 
carbon is preferred. 

The coal tar, the petroleum pitch, or the synthetic pitch preferably has a small content of nitrogen. In ad- 

20 dition, the smaller the ratio of an alkyl side chain, such as methyl carbon or methylene carbon, in an aromatic 
ring in the coal tar, the petroleum pitch, or the synthetic pitch, the better the development of a graphite struc- 
ture. This enables formation of a carbonaceous material with a larger La value obtained by X-ray diffraction. 
However, a large La value of 100 nm is unpreferable in terms of performance of a negative electrode. 

A fibrous carbon material or a spherical carbon material is obtained from the pitch having anisotropy. The 

25 fibrous carbon material is obtained by spinning the pitch having anisotropy. The spherical carbon material is 
obtained by extracting an anisotropic material from the material such as coal tar. In particular, a carbon material 
in the form of short fibers has advantages of a low cost and a high negative electrode bulk density, among 
other fibrous carbon materials. 

It is desirable that the pitch with anisotropy have a purity of an anisotropic pitch of preferably 95 vol% or 

30 more, and more preferably 98 vol% or more. This is so because if the fibrous or spherical carbon material ex- 
tracted from an anisotropic pitch containing a large amount of an isotropic pitch, as an impurity, is graphitized 
as will be described later, then collapse of a graphite structure and production of amorphous carbon are caused. 
If, however, the fibrous or spherical carbon material obtained from a pitch having anisotropy, in which the 
amount of an anisotropic pitch is large, is graphitized at a high heat treatment temperature of 2,800°C or more, 

35 the graphitization progresses excessively. For this reason, the pitch having anisotropy may contain approxi- 
mately 1 to 2 vol% of an isotropic pitch. 

An example of the high-impurity anisotropic pitch is a mesophase pitch. The fibrous or spherical carbon 
material obtained from the mesophase pitch has a radial orientation, a lamella orientation, or a Brooks-Taylor 
type orientation. Since a carbonaceous material obtained from the carbon material having above orientation 

40 exhibits a property of smoothly absorbing and desorbing lithium ions, it is effective for rapid charge-discharge. 
Especially when the spherical carbon material is to be obtained from the mesophase pitch, it is effective to 
perform a treatment of removing fine mesophase spherical carbons with a particle size of 0.5 \im or less in 
extracting mesophase spherical carbons from coal tar. A heat treatment in an oxygen atmosphere at 300°C to 
700°C after the extraction is also effective. These treatments remove by burning fine mesophase spherical 

45 carbons adhered to mesophase spherulites or an excess carbon component adhered to the surfaces of these 
spherical carbons. This suppresses the inhibition of an absorption-desorption reaction of lithium ions in a car- 
bonaceous material obtained by carbonization, pulverization (mill), and graphitization (to be described later). 

(ii) Subsequently, at least one material selected from the coke, the fibrous carbon material, and the sphe- 
rical carbon material is carbonized through a heat treatment. 

so The heat treatment temperature is preferably 600°C to 2,000°C, and more preferably 800°C to 1,500°C. 
In addition, the heat treatment is preferably performed in an argon flow, and the heat treatment time is prefer- 
ably set within the range of 0.5 to 30 hours. 

(iii) The carbon product thus obtained is pulverized. 

The pulverization is preferably performed under the following conditions if the final carbonaceous material 
55 is to be obtained in the form of particles. That is, the pulverization is performed by selecting appropriate pul- 
verization conditions, or sieving is performed after the pulverization, such that preferably 90 vol% or more of 
particles are distributed within the range of a particle size of 1 to 100 urn, and more preferably, fine particles 
with a particle size of 0.5 urn or less are distributed at a ratio of 5 vol% or less, and the mean particle size is 
1 to 80 u.m. If, on the other hand, the final carbonaceous material is to be obtained in the form of fibers, the 
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pulverization is performed by selecting proper pulverization conditions, or sieving is performed after the pul- 
verization, such that preferably 90 vol% or more of fibers are distributed within the range of a length of 0.5 to 
100 urn, and more preferably, fine fibers with a diameter or a length of 0.5 urn or less are distributed at a ratio 
5 of 5 vol% or less, and an average diameter or an average length is 1 to 30 nm. The pulverization and sieving 
are preferably performed in an inert atmosphere. 

(iv) Subsequently, the carbon product thus pulverized is graphitized through a heat treatment at a tem- 
perature of 2,000°C or more, manufacturing a carbonaceous material having the characteristics mentioned ear- 
lier. 

10 This graphitization has an effect of graphitizing amorphous carbon, which is produced when the carbon 

product is pulverized, or graphitizing carbon with a low graphitization degree. 

The heat treatment temperature is preferably 2,000°C to 3,200°C. In addition, the heat treatment is pre- 
ferably performed in a non-oxidization atmosphere, e.g., an argon flow, and the heat treatment time need only 
range from one to 30 hours. 

15 Note that when the carbonaceous material is to be manufactured by performing carbonization, pulveriza- 

tion, and graphitization for the coke described above, it is preferable to form a particulate or spherical powder 
by using a ball mill or a jet mill in the pulverization. 

In addition, to obtain the carbonaceous material having little impurities, such as sulfur, it is preferable to 
perform a treatment of removing the impurities in the manufacture of the carbonaceous material. The removal 

20 of sulfur or a sulfur compound from the carbonaceous material can be performed by a heating treatment by 
reacting a Lewis acid, such as CuC£ 3 , and chlorine gas or metal sodium at a temperature of preferably 2,000°C 
to 3,000°C f and more preferably 2,300°C to 2,800°C. This heating treatment can be performed either simul- 
taneously with the carbonization step or the graphitization step or separately after the graphitization step. 
The carbonaceous material having the characteristics described in items (1) and (2) above, i.e., the car- 

25 bonaceous material having an in terplanar distance doo2 0f (002) planes, obtained by X-ray diffraction, of 0.3360 
to 0.3380 nm, a ratio La/Lc of the length La in the a-axis direction to the length Lc in the c-axis direction of 
1.3 to 2.5, and La of 20 to 100 nm is manufactured by the following method. 

(i) First, a fibrous carbon material obtained from a mesophase pitch, which is one of the high-purity ani- 
sotropic pitches described above, is prepared. 

30 To obtain the fibrous carbon material from the mesophase pitch, the mesophase pitch is first spun into 
short fibers having a fiber length of 100 to 1000 urn by a melt blow method. The spinning conditions in this 
spinning have an effect on the orientation and the crystal structure of a carbonaceous material finally obtained. 
The parameters, the fine texture, and the orientation of the crystal can be controlled by properly controlling 
the nozzle shape, the discharge rate, the cooling rate, and the dividing rate during the spinning. After the spin- 

35 ning, a.treatment of imparting infusibility to the product is performed, thereby obtaining a fibrous carbon ma- 
terial. 

(ii) Subsequently, the fibrous carbon material is formed into a carbon product through a heat treatment. 
The fibrous carbon product obtained by the heat treatment preferably has an interplanar distance d 00 2 of 

(002) planes, obtained by X-ray diffraction, of 0.344 to 0.380 nm. The carbon product having an interplanar 
40 distance doo2 within this range is easily formed into a fibrous carbon product with a short fiber length through 
pulverization to be described later. Note that a fibrous carbon product having an interplanar distance doo2 falling 
outside the above range causes cracks in the longitudinal direction (the direction of a fiber length) in the pul- 
verization step, making formation of short fibers difficult. 

The heat treatment temperature is 600°C to 2,000°C, preferably 800°C to 1,500°C. The heat treatment is 
45 preferably performed in a non-oxidization atmosphere, e.g., an argon flow, and the heat treatment time need 
only range between 0.5 and 30 hours. 

(Hi) The fibrous carbon product is then pulverized. 

The pulverization is performed by selecting proper pulverization conditions, or sieving is performed after 
the pulverization, such that preferably 90 vol% of more of the finally obtained carbonaceous material are dis- 
50 tributed within the range of a length of 0.5 to 100 urn, and more preferably, fine fibers with a diameter or a 
length of 0.5 u.m or less are distributed at a ratio of 5 vol% or less, and an average diameter or an average 
length is 1 to 30 urn. The pulverization and the sieving are preferably performed in an inert atmosphere. 

(iv) Subsequently, the fibrous carbon product thus pulverized is graphitized through a heat treatment at 
a temperature of 2,000°C or more, preferably 2,000°C to 3,000°C, and more preferably 2,600°C to 3,000°C, 
55 thereby manufacturing a fibrous carbonaceous material having the above-mentioned characteristics. 

The heat treatment for the graphitization is preferably performed in a non-oxidization atmosphere, e.g., 
an argon gas flow. The heat treatment time need only range from 0.5 to 30 hours. 
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2-2) Carbonaceous material 

This carbonaceous material has an exothermic peak at 700°C or more when measured by the differential 

5 thermal analysis, an average length La of a crystallite in the a-axis direction of a graphite structure, which is 
derived from a diffraction peak of a (110) plane obtained by X-ray diffraction analysis, of 20 to 100 nm, and a 
sulfur content of 1,000 ppm or less (including 0 ppm). 

The above carbonaceous material must have an exothermic peak at 700°C or more when measured by 
the differential thermal analysis. The exothermic peak obtained by the differential thermal analysis is prefer- 

10 ably 800°C or more, and more preferably 840°C or more. The value of the exothermic peak obtained by the 
differential thermal analysis is a measure of the carbon-carbon bonding force in a carbonaceous material or 
a form and size of the carbonaceous material. A carbonaceous material having an exothermic peak within this 
range has a graphite structure developed to a proper degree and hence exhibits a property of reversibly ab- 
sorbing and desorbing lithium ions to and from between hexagonal-net-plane layers in the graphite structure. 

15 In addition, it is considered that this carbonaceous material has little amorphous carbon which is active with 
respect to a nonaqueous solvent. Note that a carbonaceous material having an exothermic peak at less than 
700°C, when measured by the differential thermal analysis, is unpreferable as the negative electrode material 
for the same reasons as described above for the carbonaceous material of item 2-1). 

The carbonaceous material must also have a mean length La of a crystallite in the a-axis direction of a 

20 graphite structure, which is derived from the diffraction peak of a (110) plane obtained by X-ray diffraction, of 
preferably 20 to 100 nm, and more preferably 40 to 80 nm. Note that the shape of an a-axis plane in the graphite 
structure of this carbonaceous material is preferably a rectangle. 

In a carbonaceous material having La within the above range, a graphite structure is developed to a proper 
degree, and the length of a crystallite in the a-axis direction is also appropriate. This facilitates diffusion of 

25 lithium ions between hexagonal-net-plane layers. In addition, the carbonaceous material with the above con- 
stitution increases the number of sites, through which lithium ions are absorbed and desorbed, and hence pres- 
ents a property of absorbing and desorbing a large amount of lithium ions. Note that a carbonaceous material 
having La falling outside the above range is unpreferable as the negative electrode material for the same rea- 
sons as described above for the carbon material of item 2-1). 

30 Furthermore, the above carbonaceous material must have a sulfur content of 0 to 1,000 ppm. 

A carbonaceous material containing sulfur within the above range or not containing sulfur at all increases 
the amount of absorption and desorption of lithium ions and reduces reductive decomposition of a nonaqueous 
solvent. 

This is so because if the sulfur content is 1 ,000 ppm or less (including 0 ppm) in a carbonaceous material, 
35 which exhibits an exothermic peak at 700°C or more when measured by the differential thermal analysis, and 
in which a graphite structure is developed to a certain degree, defects in the graphite structure are small in 
number. This consequently makes collapse of the graphite structure difficult to occur and increases the amount 
of absorption and desorption of lithium ions. The carbonaceous material having a sulfur content of 1,000 ppm 
or less (including 0 ppm) can also reduce the decomposition of a nonaqueous solvent, which is caused by a 
40 reaction of the nonaqueous solvent and lithium ions with sulfur or a sulfur compound, and can reduce to trap 
lithium ions and the retardation of an electrode reaction. Note that a carbonaceous material with a sulfur content 
exceeding 1,000 ppm is unpreferable as the negative electrode material for the same reasons as described 
above for the carbonaceous material of item 2-1). 

The above carbonaceous material is allowed to have a content of each of various metal elements, such 
45 as Fe and Ni, of 0 to 50 ppm, a silicon content of 0 to 50 ppm, and an oxygen content of 0 to 500 ppm. 

Examples of the carbonaceous material are graphite, which is graphitized from a high-purity material with 
a low sulfur content, and coke, a carbon fiber, a spherical carbon product, a resin sintered product, and a CVD 
carbon product, each of which is graphitized or carbonized from a petroleum pitch, coal tar, heavy oil, a synthetic 
pitch, a synthetic polymer, or an organic resin, each having a high purity with a low sulfur content. 

50 

2-3) Carbonaceous material 

This carbonaceous material has an exothermic peak at 700°C or more when measured by the differential 
thermal analysis, a content of each metal element of 0 to 50 ppm, a silicon content of 0 to 50 ppm, a nitrogen 
55 content of 0 to 1,000 ppm, and a sulfur content of 0 to 1,000 ppm. 

The above carbonaceous material must have an exothermic peak at 700°C or more when measured by 
the differential thermal analysis. The exothermic peak obtained by the differential thermal analysis is prefer- 
ably 800°C or more, and more preferably 840°C or more. The value of the exothermic peak obtained by the 
differential thermal analysis is a measure of the carbon-carbon bonding force of a carbonaceous material or 

10 



BNSDOCID: <EP. 



0573266A1_L> 



EP 0 573 266 A1 



10 



15 



20 



25 



a form and size of the carbonaceous material. A carbonaceous material having an exothermic peak within this 
range has a graphite structure developed to a proper degree and exhibits a property of reversibly absorbing 
and desorbing lithium ions to and from between hexagonal-net-plane layers in the graphite structure. In addi- 
tion, it is considered that the carbonaceous material has a small amount of amorphous carbon which is active 
with respect to a nonaqueous solvent Note that a carbonaceous material having an exothermic peak at less 
than 700°C, when measured by the differential thermal analysis, is unpreferable as the negative electrode 
material for the same reasons as described above for the carbonaceous material of item 2-1 ). 

The above carbonaceous material must also have a content of each of various metal elements, such as 
Fe and Ni, of 0 to 50 ppm, a sOicon content of 0 to 50 ppm, an oxygen content of 0 to 500 ppm, and a sulfur 
content of 0 to 1,000 ppm. 

A carbonaceous material containing sulfur within the above range or not containing sulfur at all increases 
the amount of absorption and desorption of lithium ions and reduces reductive decomposition of a nonaqueous 
solvent, and reduces to trap lithium ions. Note that a carbonaceous material having a sulfur content exceeding 
1,000 ppm is unpreferable as the negative electrode material for the same reasons as described above for the 
carbonaceous material of item 2-1). 

In a carbonaceous material having a content of each impurity element, except for sulfur, exceeding the 
above range, lithium ions between carbon layers are consumed upon reacting with the impurity elements, de- 
creasing the amount of lithium contributing to a battery reaction. 

Examples of the above carbonaceous material are coke and a resin sintered product, each obtained by 
performing a heat treatment at about 800°C to about 2,000°C for a high-purity pitch material, such as coal tar, 
a petroleum pitch, or a synthetic pitch, and a graphitized product and graphite obtained by performing a heat 
treatment at about 2,000°C to about 3,000°C for the same materials. The carbonaceous material is preferably 
manufactured by carbonizing mesophase spherical carbons or mesophase pitch carbon fibers, obtained from 
a mesophase pitch, at about 800°C to about 2,000°C, or by graphitizing the same material at about 2,000°C 
to about 3,000°C. A lithium secondary battery having a negative electrode containing this carbonaceous ma- 
terial has rapid charge-discharge performance, a high capacity, a high charge-discharge efficiency, and a long 
cycle life. 



30 3) Constitution of nonaqueous electrolyte 



The nonaqueous electrolyte contained in the case 1 is prepared by dissolving an electrolytic salt in a non- 
aqueous solvent. 

^ The nonaqueous solvent is not particularly limited, and so any nonaqueous solvent known as a solvent 
for a lithium secondary battery can be used. It is, however, preferable to use a nonaqueous solvent substantially 
consisting of a solvent mixture of ethylene carbonate (EC) and at least one nonaqueous solvent (to be referred 
to as a second solvent hereinafter), which has a melting point lower than that of ethylene carbonate and has 
a donor number of 18 or less. Such a nonaqueous solvent is stable with respect to the carbonaceous material 
with a developed graphite structure, which constitutes a negative electrode, and hardly causes reductive or 
oxidative decomposition of the nonaqueous electrolyte. This nonaqueous solvent also has an advantage of a 
high conductivity. 

Examples of the second solvent are dimethyl carbonate (DMC), diethyl carbonate (DEC), propylene car- 
bonate (PC), y-butyrolactone (y-BL), acetonitrile (AN), nitromethane (NM), nitrobenzene (NB), ethyl acetate 
(EA), toluene, xylene, and methyl acetate (MA). These second solvents can be used singly or in the form of a 
mixture of two or more types of them. In particular, the second solvent preferably has a donor number of 16.5 
or less. 

The viscosity of the second solvent is preferably 28 mp or less at 25°C. 

The mixing amount of ethylene carbonate in the solvent mixture is preferably 10% to 80% as a volume 
ratio. If the mixing amount falls outside this range, reduction in conductivity or decomposition of the solvent 
may occur to decrease the charge-discharge efficiency. The mixing amount of ethylene carbonate is more pre- 
ferably 20% to 75% as a volume ratio. The solvation of ethylene carbonate to lithium ions is facilitated by in- 
creasing the mixing amount of ethylene carbonate in the nonaqueous solvent to 20 vol% or more, and this 
can improve the effect of suppressing decomposition of the solvent. 

A more preferable composition of the above solvent mixture is a combination of EC and DEC, a combination 
of EC, PC, and DEC, or a combination of EC, y-BL, and DEC, and the volume ratio of DEC is preferably set to 
60% or less. By setting the ratio of DEC to 60% or less, preferably 35% or less, the flash point of the solvent 
mixture can be raised, and this improves the safety. However, in order to further decrease the viscosity, ethers, 
such as diethoxyethane, may be added at a ratio of 30 vol% or less. 

Examples of main impurities present in the above solvent mixture (nonaqueous solvent) are water and or- 
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oanic peroxides (e g., glycols, alcohols, and carboxylic acids). It is considered that each of these impurities 
orTsf— 

irode Therefore, these impurities may cause a decrease in cycle l,fe or capaaty. In add hon, selW'Scharge 
during storage a high temperatures <60°C or more) may also increase. For these reasons, the amount ^of these 
^purities in an eJctrolyte containing the nonaqueous solvent is preferably *^ ( ^^" 
More specifically, it is preferable that the content of water be 50 ppm or less and the content of the orgamc 

^Ixa^ 

lithium perforate (LiC<0 4 ), lithium phosphate hexafluoride (LiPF 6 ), lithium borofluor.de (L.BF,) arsenol, 
i hexaZSe (L*sF 6 ) ithium trifluoromethasulfonate (UCF3SO3), and lithium bistrffluoromethylsu fony- 
nTeScFsSO Jj. Among these lithium salts, LiPF, LiBF 4 , and LiN(CF 3 S0 2 ) 2 are preferableJn parbcular 

and cyde performance. This is so because LiN(CF3S0 2 ) 2 has a low reactivity with respect to a po*e ^ 
frode active material and a high chemical stability in the nonaqueous solven ^^^^T^SpS 
obtained by dissolving Lin(CF 3 S0 2 ) 2 into solvent mixtures of EC and y-BL; ^. DEC and ^BL, and EC PC 
and DEC exhibits better characteristics including chemical stability, conductivity, and safety, ha those ^o 
electrolyte* obtained by dissolving a lithium salts other than LiN(CF,S 02 ) 2 into the above-mentioned solvent 

"'^dissolution amount of the electrolytic salt in the nonaqueous solvent is preferably 0.5 to 2.0 mols/f. 
Another lithium secondary battery according to the present invention com P»f s: comDOund 
a positive electrode housed in a case and containing, as an active matena . a l.th urn met J compound 
which mainly consists of at least one metal selected from the group consisting of cobalt, mckel, manganese, 

vanadium, titanium, molybdenum, and iron; » . , . u !# » h u„_ an inter 

a negative electrode housed in the case and containing a carbonaceous ma enal wh.ch has an ^.nter- 
planar distance d,** of (002) planes of a graphite structure, obtained by X-ray drffracfon analyse, of 0.340 nm 

or less, and absorbs and desorbs lithium ions; ln ^A OB . an H 

a separator housed in the case so as to be arranged between the posihve and negatrve electrodes, and 

a nonaqueous electrolyte contained in the case, 

wherein a ratio of a thickness of the positive electrode to a thickness of the negate electrode , 2 ^ 
to 0.9:1,andaratioofaweight P erunitareaofthe positive electrode toaweightperumtvolumeofthe negative 

^Te above po^ electrode has the same constitution as described in 1 ) Conation of positive , electrode 
mentioned earlier. Especially when the positive electrode has a constitution in wh.ch a ^pens-o" conta, ,ng 
an active material a conductive agent, and a binder is coated on both the surfaces of a collector such as an 
Z!^TS:SLmB ratio of the suspensions on the two surfaces in a dried condition is preferably set 

itive electrode means the weight per unit volume of the electrode except the collector. 

The product of the width and the length of the positive electrode preferably ranges between ,128 ,«* 1 500 
cm* wit h respect to a battery discharge capacity of 1 Ah. The battery discharge capac. y means a nominal ca- 
pacity If the product of the width and the length is less than 125 cm*, the positive electrode uUnbonem- 
de Z may decrease to decrease the dfecharge capacity, .f the product of the wkith and the 
500 cm*, on the other hand, the bulk density of the positive electrode is reduced because the electrode th.ck- 
ness becomes too small, and this may decrease the discharge capacity. 

The above negath/e electrode is manufactured by, as described in 2) Constitute of negativ e electrode 
mentioned earlier, suspending a carbonaceous material and a binder in an approbate solvent, coating he 
SuSsuspens on on a ejector, and drying the resultant structure into a thin phrte. Especa I y > when he 
TegaSe e.ectrode has an arrangement in which the suspension is coated on both the surface s o f a edtoe ft* 
the thickness ratio of the suspensions on the two surfaces in a dried condition is preferably set w.th.n the range 

° f 1 Th'e'bulkde'nsity of the negative electrode is preferably set to 1.35 to 1.80 g/cm*. The bulk denstty of the 
negative electrode means the weight per unit volume of the electrode except the collector 

The electrode area (the product of the width and the length) of the negatrve electrode is Preferably set 
within the range of 130 to 500 cm* with respect to a battery dis^ 

more preferably has an electrode area larger than an area opposing the pos.bve electrode. If 
area is less than 1 30 cm* the negative electrode utilization efficiency may decrease to decrease the discharge 
capacTlf he Electrode area exceeds 500 cm*, on the other hand, since the electrode thickness becomes 
too smal . he bulk density of the negative e.ectrode and the mechanical strength of the electrode may de- 
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crease. 

In the above carbonaceous material, the interplanar distance d 0 02 of (002) planes, obtained by X-ray dif- 
fraction analysis, is 0.340 nm or less. It is particularly desirable that the carbonaceous material have an inter- 

5 planar distance d<xj2 of preferably 0.3358 to 0.3440 nm, and more preferably 0.3359 to 0.3380 nm. 

In a carbonaceous material having an interplanar distance d O 02 within the above range, the interplanar dis- 
tance between hexagonal-net-plane layers is suitable for smooth absorption and desorption of lithium ions to 
and from between the hexagonal-net-plane layers. 

The carbonaceous material preferably has the characteristics described above for the carbonaceous ma- 

w terial of item 2-1). That is, the above-mentioned characteristics are that the exothermic peak is 700°C or more 
when measured by the differential thermal analysis, the intensity ratio P101/P100 of the (101) diffraction peak 
Pi 01 to the (100) diffraction peak P 100 of a graphite structure, obtained by X-ray diffraction analysis, is 0.7 to 
2.2, the average length La of a crystallite in the a-axis direction of a graphite structure, which is derived from 
the diffraction peak of a (110) plane obtained by X-ray diffraction analysis, is 20 to 100 nm, the ratio R1/R2 of 

15 the peak intensity (R1) at 1 ,360 crrr 1 to the peak intensity (R2) at 1,580 cm- 1 in the argon laser Raman spec- 
trum (wavelength 414.5 nm) is 0.7 or less, the sulfur content is 0 to 1 ,000 ppm, the content of each of various 
metal elements, such as Fe and Ni, is 0 to 50 ppm, the silicon content is 0 to 50 ppm, and the oxygen content 
is 0 to 500 ppm. 

The above carbonaceous material is preferably in the form of fibers, which are distributed at a ratio of 90 
20 vol% or more within the range of a length of 0.5 to 100 |im and have an average diameter of 1 to 30 urn, or in 
the form of particles, which are distributed at a ratio of 90 vol% or more within the range of a particle size of 
1 to 100 jim and have an average particle size of 1 to 80 urn. In addition, the carbonaceous material in the 
above form preferably has a specific surface area of 0.1 to 1 00 m 2 /g when measured by the BET method using 
N 2 gas adsorption. 

25 The ratio of the thickness of the positive electrode to the thickness of the negative electrode must be 2 : 
1 to 0.9 : 1 The thickness of the positive electrode and the thickness of the negative electrode mean the thick- 
ness of coated layers except the collector. 

If the thickness of the positive electrode is smaller than that of the above ratio, the battery capacity de- 
creases. If, on the other hand, the thickness of the positive electrode is larger than that of the above ratio, 

30 the cycle life is shortened, and the charge-discharge rate characteristic of a battery is degraded. The ratio of 
the thickness of the positive electrode to the thickness of the negative electrode more preferably ranges be- 
tween 3 : 2 and 0.9 : 1. 

The ratio of the weight per unit area of the positive electrode (the weight of the positive electrode except 
the collector) to the weight per unit area of the negative electrode (the weight of the negative electrode except 
35 the collector) must be 4 : 1 to 2 : 1 . 

If the weight of the positive electrode exceeds that of the above ratio, a lithium insertion amount of the 
carbonaceous material constituting the negative electrode becomes an excess amount, and so a lithium metal 
compound precipitates on the surface of the negative electrode to cause cycle degradation. In addition, the 
carbonaceous material constituting the negative electrode has a high charge-discharge efficiency and a good 
40 reversibility and therefore does not require an excess positive electrode active material by which the weight 
of the positive electrode exceeds that of the above ratio. If the weight of the positive electrode is smaller than 
that of the above ratio, on the other hand, the positive electrode capacity decreases, decreasing the battery 
capacity and increasing the cycle degradation of the positive electrode. 

The nonaqueous electrolyte has the same constitution as described in 3) Constitution of nonaqueous elec- 
45 trolyte mentioned earlier. In particular, the amount of the nonaqueous electrolyte is preferably set to 7 cm 3 or 
less per 1 Ah of a battery discharge capacity. The battery discharge capacity means a nominal capacity. 

The amount of the nonaqueous electrolyte is important in that it has an effect on the cycle life, the battery 
capacity, and the safety of a battery. In a lithium secondary battery comprising a positive electrode containing 
the specific lithium metal compound described above and a negative electrode containing the above carbo- 
50 naceous material, the charge-discharge efficiency of the carbonaceous material of the negative electrode is 
high from the first cycle, and so the electrolyte decomposes very little. Therefore, the above nonaqueous elec- 
trolyte need only be contained in the case in an amount by which it can soak the separator and the positive 
and negative electrodes, so no excess amount is required. 

If the amount of the nonaqueous electrolyte exceeds the above range, the safety of a battery is decreased 
55 because the amount of the nonaqueous electrolyte becomes too large to occur the electrolyte leak. 

Note that although the amount of the nonaqueous electrolyte, by which it can soak the separator and the 
positive and negative electrodes, is not particularly limited because it depends on the thickness of the sepa- 
rator or the porosities of the positive and negative electrodes, it need only be 2 cm 3 or more per 1 Ah of a battery 
discharge capacity. In this case, the thickness of the separator must be 50 \irr\ or less. If the thickness of the 
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separator exceeds 50 urn, the strength of the separator increases, but the amount of the nonaqueous elec- 
trolyte exceeds the above range. The thickness of the separator more preferably ranges between 20 and 40 
urn. If the thickness of the separator is less than 20 urn, the amount of the nonaqueous electrolyte decreases, 
5 but a short circuit between the positive and negative electrodes or a decrease in safety at high temperatures 
may occur. 

Similar to the lithium secondary battery mentioned earlier, another lithium secondary battery according 
to the present invention comprises a positive electrode housed in a case and containing a lithium metal com- 
pound as an active material, a negative electrode housed in the case and containing a carbonaceous material, 

10 which has an interplanar distance d 00 2 of (002) planes of a graphite structure, obtained by X-ray diffraction ana- 
lysis, of 0.340 nm or less and absorbs and desorbs lithium ions, a separator housed in the case so as to be 
arranged between the positive and negative electrodes, and a nonaqueous electrolyte contained in the case. 
The bulk density of the negative electrode is 1.35 to 1.80 g/cm 3 . The bulk density of the negative electrode 
means the weight per unit volume of the electrode except the collector. 

15 If the bulk density of the negative electrode falls outside the above range, a decrease in battery capacity 

or a reduction in utilization efficiency of the positive or negative electrode takes place. The bulk density of the 
negative electrode is more preferably 1.40 to 1 .60 g/cm 3 . 

The lithium secondary battery according to the present invention comprises a negative electrode contain- 
ing a carbonaceous material which has an exothermic peak at 700°C or more when measured by the differential 

20 thermal analysis and an intensity ratio P 10 i/Pioo of the (101) diffraction peak P 1(M to the (100) diffraction peak 
P 100 of a graphite structure, obtained by X-ray diffraction analysis, of 0.7 to 2.2 and absorbs and desorbs lithium 
ions. This carbonaceous material has a graphite structure which is developed to a proper degree and in which 
stacked hexagonal-net-plane layers have appropriate displacements, twists, and angles to one another. The 
use of the negative electrode containing this carbonaceous material enables smooth progress of the absorp- 

25 tion-desorption reaction of lithium ions in the negative electrode. In addition, since the amount of carbon which 
is active with respect to a nonaqueous solvent in the nonaqueous electrolyte is small, reductive decomposition 
of the nonaqueous solvent can be suppressed. As a result, the lithium secondary battery having this negative 
electrode can be improved significantly in rapid charge-discharge performance, capacity, charge-discharge 
efficiency, and cycle life. Furthermore, this lithium secondary battery is low in overvoltage during charge and 

30 discharge and can be improved in flatness of a voltage during discharge. 

Still another lithium secondary battery according to the present invention comprises a negative electrode 
containing a carbonaceous material which has an exothermic peak at 700°C or more when measured by the 
differential thermal analysis, a mean length La of a crystallite in the a-axis direction, obtained by X-ray dif- 
fraction analysis, of 20 to 100 nm, and a sulfur content of 1,000 ppm or less and absorbs and desorbs lithium 

35 ions, and a nonaqueous electrolyte consisting of a solvent mixture of ethylene carbonate and at least one non- 
aqueous solvent, which has a melting point lower than that of ethylene carbonate and a donor number of 18 
or less, and a lithium salt dissolved in that solvent mixture. 

The carbonaceous material with the above constitution has a graphite structure that is developed to a prop- 
er degree, and exhibits a property of allowing easy reversible absorption and desorption of lithium ions to and 

40 from between hexagonal-net-plane layers in the graphite structure. The carbonaceous material can also in- 
crease the amount of absorption and desorption of lithium ions and reduce decomposition of the nonaqueous 
solvent in the nonaqueous electrolyte. 

The nonaqueous solvent (solvent mixture) contained in the nonaqueous electrolyte is stable with respect 
to the carbonaceous material having the developed graphite structure, hardly causes reductive or oxidative 

45 decomposition, and has a high conductivity. 

That is, a nonaqueous electrolyte containing ethylene carbonate alone has an advantage that it is hardly, 
reductively decomposed by a graphitized carbonaceous material. However, a nonaqueous electrolyte of this 
type has a high melting point (39°C to 40°C), a high viscosity, and consequently a low conductivity and is hence 
unsuitable for a secondary battery to be operated at normal temperature. The second solvent mixed in ethylene 

so carbonate decreases the viscosity of the solvent mixture to be lower than that of ethylene carbonate, improving 
the conductivity of the solvent mixture. In addition, the use of the solvent with a donor number of 18 or less 
(note that the donor number of ethylene carbonate is 16.4) makes selective solvation of ethylene carbonate 
to lithium ions difficult, suppressing the reductive reaction of the second solvent with respect to the carbona- 
ceous material having the developed graphite structure. Also, by setting the donor number of the second sol- 

55 vent to 18 or less, the oxidative decomposition potential easily becomes 4 V or more with respect to the lithium 
electrode, and this realizes a high-voltage lithium secondary battery. 

The nonaqueous electrolyte containing the solvent mixture consisting of ethylene carbonate and the sec- 
ond solvent, therefore, is stable with respect to a negative electrode containing a carbonaceous material which 
has an exothermic peak at 700°C or more when measured by the differential thermal analysis, an average 
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length La of a crystallite in the a-axis direction, obtained by X-ray diffraction analysis, of 20 to 100 nm, and a 
sulfur content of 1,000 ppm or less and absorbs and desorbs lithium ions, thereby bringing about the superior 
characteristics of the carbonaceous material. For this reason, a lithium secondary battery comprising the neg- 

5 ative electrode and the nonaqueous electrolyte described above has a high capacity, a high charge-discharge 
efficiency, and a long cycle life. 

Still another lithium secondary battery according to the present invention comprises a negative electrode 
containing a carbonaceous material which has an exothermic peak at 700°C or more when measured by the 
differential thermal analysis, a content of each metal element of 0 to 50 ppm, a silicon content of 0 to 50 ppm, 

10 a nitrogen content of 0 to 1 ,000 ppm, and a sulfur content of 1 ,000 ppm or less and absorbs and desorbs lithium 
ions. A lithium secondary battery of this type has a high charge-discharge efficiency particularly at the first 
cycle and exhibits an excellent property of reversibly absorbing and desorbing lithium ions. 

That is, the carbonaceous material having an exothermic peak at 700°C or more, when measured by the 
differential thermal analysis, has a graphite structure that is developed to a proper degree, and exhibits a prop- 

15 erty of reversibly absorbing and desorbing lithium ions to and from between hexagonal- net- plane layers in the 
graphite structure. If, for example, sulfur exists in such a carbonaceous material, this sulfur reacts with lithium 
ions to produce a stable group, such as US-, or a compound, such as LiS, decreasing the amount of lithium 
that contributes to discharge. In addition, the compound, such as LiS 2 , becomes obstacles between the hex- 
agonal-net-plane layers in the graphite structure to interfere with smooth absorption and desorption of lithium 

20 ions, decreasing the charge-discharge efficiency. 

The carbonaceous material in which the amounts of elements, such as sulfur, are defined as described 
above can prevent intercalated lithium ions from being consumed by reacting with impurity elements. This con- 
sequently increases the amount of lithium contributing to discharge and enables smooth absorption and des- 
orption of lithium ions, improving the charge-discharge efficiency. 

25 A carbonaceous material from which the above elements are removed decreases strain in a crystallite hav- 
ing a pseudographite structure and can realize a hexagonal-net-plane layer structure more ideal for absorption 
and desorption of lithium ions. Therefore, the charge-discharge efficiency in particularly the first cycle can be 
increased. 

Still another lithium secondary battery according to the present invention is characterized by comprising 

30 a positive electrode containing, as an active material, a lithium metal compound mainly consisting of at least 
one metal selected from the group consisting of cobalt, nickel, manganese, vanadium, titanium, molybdenum, 
and iron, and a negative electrode containing a carbonaceous material which has an interplanar distance d 002 
of (002) planes of a graphite structure, obtained by X-ray diffraction analysis, of 0.340 nm or less and absorbs 
and desorbs lithium ions, wherein the ratio of the thickness of the positive electrode to the thickness of the 

35 negative electrode is 2 : 1 to 0.9 : 1, and the ratio of the weight per unit area of the positive electrode to the 
weight per unit volume of the negative electrode is 4 : 1 to 2 : 1 . 

In the above carbonaceous material, a graphite structure is developed to some extent, and the interplanar 
distance between hexagonal-net-plane layers is suitable for smooth absorption and desorption of lithium ions. 
Therefore, the utilization efficiency of the active material of the positive electrode can be improved by using 

40 the negative electrode containing the carbonaceous material having the above characteristics and the positive 
electrode containing the specific lithium metal compound as the active material, and by defining the ratio of 
the thickness of the positive electrode to the thickness of the negative electrode and the ratio of the weight 
per unit area of the positive electrode and the weight per unit volume of the negative electrode. This can also 
increase the charge-discharge efficiency of the negative electrode containing the carbonaceous material. As 

45 a result, a lithium secondary battery having a rapid charge-discharge performance, a high capacity and an 
improved cycle life can be obtained. 

Still another lithium secondary battery according to the present invention is characterized by comprising 
a positive electrode containing the above lithium metal compound as an active material, and a negative elec- 
trode containing a carbonaceous material which has an interplanar distance d 0 02 of 0.340 nm or less and ab- 

50 sorbs and desorbs lithium ions, wherein the bulk density of the negative electrode is 1 .35 to 1.80 g/cm 3 . 

In the above carbonaceous material, a graphite structure is developed to some extent, and the interplanar 
distance between hexagonal-net-plane layers is suitable for smooth absorption and desorption of lithium ions. 
Therefore, the utilization efficiency of the positive and negative electrodes can be improved and the charge- 
discharge efficiency of the negative electrode can be increased by using the negative electrode containing 

55 the carbonaceous material having the above characteristics and the positive electrode containing the specific 
lithium metal compound as the active material, and by defining the bulk density of the negative electrode. Con- 
sequently, a lithium secondary battery having a rapid charge-discharge performance, a high capacity and an 
improved cycle life can be obtained. 

A method of manufacturing a carbonaceous material for a negative electrode of a battery according to the 
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present invention comprises the steps of carbonizing through a heat treatment at least one material selected 
from coke and one of fibrous and spherical materials obtained from a pitch having anisotropy, particularly me- 
sophase pitch, thereby forming a carbon product, pulverizing the carbon product into a carbon product powder, 

5 and graphitizing the carbon product powder through a heat treatment at 2,000°C or more. This method can 
manufacture a carbonaceous material for a negative electrode of a battery, which has a predetermined particle 
size or length, contains little amorphous carbon. This carbonaceous material has an exothermic peak at 700°C 
or more when measured by the differential thermal analysis and an intensity ratio P101/P100 of the (101) dif- 
fraction peak P 10 i to the (100) diffraction peak P 100 of a graphite structure, obtained by X-ray diffraction ana- 

10 lysis, of 0.7 to 2.2. In addition, a fine structure of this carbonaceous material has a radial orientation, a lamella 
orientation, or a Brooks-Taylar type orientation, so that exhibits a property of smoothly absorbing and desorb- 
ing lithium ions. Therefore, by forming a negative electrode from the above carbonaceous material and as- 
sembling a lithium secondary battery by using this negative electrode, a lithium secondary battery with a rapid 
charge-discharge performance, a high capacity and a long cycle life can be obtained because the negative 

15 electrode has a superior property of absorbing and desorbing lithium ions and a startling effect of suppressing 
reductive decomposition of a nonaqueous solvent contained in a nonaqueous electrolyte. 

The present invention will be described in more detail below by way of its examples with reference to the 
cylindrical lithium secondary battery shown in Fig. 1. 

20 Example 1 

First, a mesophase pitch with a purity of an anisotropic pitch of 1 00 vol%, obtained from a petroleum pitch 
with a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 250 urn, and these 
short f ibers were carbonized through a heat treatment in an argon atmosphere at 1 ,000°C, forming mesophase 

25 pitch carbon fibers. These mesophase pitch carbon fibers were found to have a fiber diameter of 12 um. Sub- 
sequently, the carbon fibers thus obtained were pulverized or milled appropriately such that the final carbo- 
naceous material had an average particle size of 25 um and was distributed at a ratio of 90 vol% within the 
range of 1 to 50 um in a particle size distribution, and that particles with a particle size of 0.5 um or less were 
removed. Thereafter, the resultant material was graphitized in an argon atmosphere at 3,000°C and heat- 

30 treated in a chlorine gas atmosphere at 2,400°C. These mesophase pitch carbon fibers were found to have a 
radial texture in the cross sections of fibers. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 25 
um, which was distributed at a ratio of 90 vol% within the range of 1 to 50 um in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 um or less was 0 vol% in the particle size distribution. 

35 The carbonaceous material was found to have a specif ic surface area of 5 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 
terial by using a half-width mid-point method. As a result, the value of P101/P100 was 1 .0, d 002 was 0.3375 nm, 
Lc was 21 nm, and La was 40 nm. The exothermic peak measured by a differential thermal analysis was 870°C. 

40 In this carbonaceous material, the sulfur content was 100 ppm, the oxygen content was 100 ppm, the nitrogen 
content was 10 ppm, and the content of each of Fe and Ni was 1 ppm. 

Subsequently, 98 wt% of the above carbonaceous material were mixed with 2 wt% of an ethylenepropylene 
copolymer, and the resultant mixture was coated in an amount of 10 mg/cm 2 on a stainless steel foil as a col- 
lector, manufacturing a negative electrode. 

45 Separately, 80 wt% of a lithium-cobalt oxide (LixCo0 2 (0.8 ^ x ^ 1 )) powder were mixed with 1 5 wt% acet- 
ylene black and 5 wt% of a polytetraf luoroethylene powder. The resultant mixture was formed into a sheet and 
contact-bonded on an expanded metal collector, thereby manufacturing a positive electrode. 

The positive electrode, a separator consisting of a polypropylene porous film, and the negative electrode 
were stacked in this order, and the resultant structure was spirally wound such that the negative electrode 

so was located outside, manufacturing an electrode group. 

Separately, lithium phosphate hexafluoride (LiPF 8 ) was dissolved in an amount of 1.0 mol/f in a solvent 
mixture (mixing volume ratio 50 : 50) of ethylene carbonate (EC) and diethyl carbonate (DEC), preparing a non- 
aqueous electrolyte. 

The electrode group and the electrolyte were placed in a cylindrical case having a bottom and consisting 
55 of stainless steel, thereby assembling the cylindrical lithium secondary battery shown in Fig. 1. 

Example 2 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
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as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 

First, mesophase spherulites obtained from a mesophase pitch with a purity of an anisotropic pitch of 98 
vol%, which was extracted from low-sulfur coal tar with a sulfur content of 2,000 ppm, were heat-treated in an 

5 argon atmosphere at 1,000°C, obtaining mesophase spherical carbons. Subsequently, the mesophase sphe- 
rical carbons thus obtained were heat-treated in the air at 400°C to remove particles with a diameter of 0.5 
jim or less adhered to the surfaces of the spherical carbons and a surface layer of the spherical carbons. There- 
after, the resultant mesophase spherical carbons were graphitized in an argon atmosphere at 2,800°C, yielding 
a graphitized carbonaceous material. 

10 The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 10 

nm, which was distributed at a ratio of 90 vol% within the range of 1 to 30 urn in a particle size distribution, 
and in which the ratio of particles wit h a particle size of 0.5 \xm or less was 2 vol% in the particle size distribution. 
The carbonaceous material was found to have a specific surface area of 5 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

15 Various parameters (P101/P100. d 00 2. Lc, and La) obtained by X-ray diffraction analysis were measured for 

the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 200 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 

20 of Fe and Ni was 3 ppm. 

Example 3 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
25 as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 
First, a mesophase pitch with a purity of an anisotropic pitch of 100 vol%, obtained from a low-sulfur pet- 
roleum pitch with a sulfur content of 5,000 ppm, was spun into short fibers with an average length of 300 urn, 
and these short fibers were carbonized in an argon atmosphere at 1,000°C, forming mesophase pitch carbon 
fibers. These mesophase pitch carbon fibers were found to have a fiber diameter of 1 5 u,m. Subsequently, the 
30 carbon fibers thus obtained were pulverized such that the final carbonaceous material had an average particle 
size of 25 u.m and was distributed at a ratio of 90 vol% within the range of 1 to 60 u.m in a particle size distribution, 
and that particles with a particle size of 0.5 urn or less were removed. Thereafter, the resultant material was 
graphitized through a heat treatment in an argon atmosphere at 3,000°C, yielding a carbonaceous material. 
~ J The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 20 

~ 35 um, which was distributed at a ratio of 90 vol% within the range of 1 to 60 um in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 um or less was 1 vol% in the particle size distribution. 
The carbonaceous material was found to have a specific surface area of 5 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters (P 10 i/Pioo. d 002 » Lc, and La) obtained by X-ray diffraction analysis were measured for 
40 the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 200 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 
of Fe and Ni was 2 ppm. 

45 

Example 4 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 
so First, petroleum coke obtained from a low-sulfur petroleum pitch with a sulfur content of 5,000 ppm was 
carbonized through a heat treatment in an argon atmosphere at 1,000°C. Subsequently, the petroleum coke 
was pulverized such that the final carbonaceous material had an average particle size of 1 5 urn and was dis- 
tributed at a ratio of 90 vol% within the range of 1 to 30 um in a particle size distribution, and that particles 
with a particle size of 0.5 \im or less were removed. Thereafter, the resultant material was graphitized through 
55 a heat treatment in an argon atmosphere at 2,800°C, yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 25 
\im t in which the ratio of particles with a particle size of 0.5 urn or less was 1 vol% in a particle size distribution. 
The carbonaceous material was found to have a specific surface area of 5 m 2 /g when measured by a BET met h- 
od using IM 2 gas adsorption. 
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Various parameters (P 10 i/Pioo* doo2. Lc * and La ) obtained Dv X-rav diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
5 queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 700 ppm, the oxygen content was 200 ppm, the nitrogen content was 300 ppm, and the content of each 
of Fe and Ni was 3 ppm. 

Example 5 

10 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 100 vol%, obtained from a low-sulfur pet- 
roleum pitch with a sulfur content of 5,000 ppm, was spun into short fibers with an average length of 300 ^m, 

15 and these short fibers were carbonized in an argon atmosphere at 3,000°C, forming mesophase pitch carbon 
fibers. Subsequently, these mesophase pitch carbon fibers were pulverized such that the final carbonaceous 
material had an average particle size of 30 um and was distributed at a ratio of 90 vol% within the range of 1 
to 60 um in a particle size distribution, and that particles with a particle size of 0.5 urn or less were removed. 
The resultant carbonized powder was again heat-treated at a temperature of 2,50 0°C, yielding a carbonaceous 

20 material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 30 
um, in which the ratio of particles with a particle size of 0.5 um or less was 5 vol% in a particle size distribution. 
The carbonaceous material was found to have a specif icsurface area of 8 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

25 Various parameters (P101/P100. cW Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 200 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 

30 of Fe and Ni was 1 ppm. 

Example 6 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 

35 as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 
First, mesophase spherulites were obtained from a mesophase pitch with a purity of an anisotropic pitch 
of 98 vol%, which was extracted from coal tar with a sulfur content of 5,000 ppm and a nitrogen content of 7,000 
ppm. These mesophase spherulites were heat-treated in an argon atmosphere at 1,000°C, obtaining meso- 
phase spherical carbons. These mesophase spherical carbons were found to have a lamella orientation, Sub- 

40 sequently, the mesophase spherical carbons thus obtained were heat-treated at 400°C to remove particles 
with a diameter of 0.5 jam or less adhered to the surfaces of the spherical carbons and a surface layer of sphe- 
rical carbons. Thereafter, the resultant mesophase spherical carbons were graphitized through a heat treat- 
ment in an argon atmosphere at 3,000°C, yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 10 

45 um, in which the ratio of particles with a particle size of 0.5 um or less was 3 vol% in a particle size distribution. 
The carbonaceous material was found to have a specif icsurface area of 3 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters (P101/P100. doo2» Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 

so 1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis. In this carbo- 
naceous material, the sulfur content was 400 ppm, the content of each of oxygen and nitrogen was 500 ppm 
or less, and the content of each of Fe and Ni was 50 ppm or less. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 
dissolved in an amount of 1 .0 mol/f in a solvent mixture (mixing volume ratio 50 : 30 : 20) of ethylene carbonate 

55 (EC), diethyl carbonate (DEC), and y-butyrolactone (y-BL). Note that the donor number of diethyl carbonate 
was 16 and that of y-butyrolactone was 15.9. In this nonaqueous electrolyte, the content of H 2 0 was 20 ppm 
or less, and that of ethylene glycol was 100 ppm or less. Table 1 also shows the nonaqueous solvent contained 
in the nonaqueous electrolyte. 
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Example 7 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material described below and a nonaqueous electrolyte similar 
to that of Example 6 were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 99 vol%, obtained from a low-sulfur petro- 
leum pitch with a sulfur content of 5,000 ppm, was spun into short fibers, and these short fibers were carbon- 
ized at 1,000°C, forming mesophase pitch carbon fibers. These mesophase pitch carbon fibers were found to 
have a radial orientation in the cross sections of fibers and an average fiber diameter of 7 urn. Subsequently, 
the mesophase pitch carbon fibers were graphitized through a heat treatment at 3,000°C and pulverized such 
that the final carbonaceous material had an average particle size of 30 urn and was distributed at a ratio of 
90 vol% within the range of 1 to 80 urn in a particle size distribution, and that particles with a particle size of 
0.5 >im or less were removed. Thereafter, the resultant material was again heat-treated in an argon atmosphere 
at 2,500°C, yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 28 
\im, in which the ratio of particles with a particle size of 0.5 urn or less was 3 vol% in a particle size distribution 
The carbonaceous material was found to have a specif icsurface area of 9 irvVg when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters (P, 0 i/Pioo, d 002 , Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 700 ppm, the oxygen content was 200 ppm, and the nitrogen content was 400 ppm. 

Example 8 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material similar to that of Example 6 and a nonaqueous electrolyte 
described below were used. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexaf luoride (LiPF6) was 
dissolved in an amount of 1 .0 moW in a solvent mixture (mixing volume ratio 60 : 30 : 20) of ethylene carbonate 
(EC), diethyl carbonate (DEC), and methyl acetate (MA). Note that the donor number of diethyl carbonate was 
16.5 and that of methyl acetate was 15.9. In this nonaqueous electrolyte, the content of H 2 0 was 20 ppm or 
less, and that of ethylene glycol was 1 00 ppm or less. Table 1 also shows the nonaqueous solvent contained 
in the nonaqueous electrolyte. 

Example 9 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material similar to that of Example 6 and a nonaqueous electrolyte 
described below were used. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 
dissolved in an amount of 1 .0 mol/f in a solvent mixture (mixing volume ratio 60 : 30 : 20) of ethylene carbonate 
(EC),y-butyrolactone(y-BL),and nitromethane (NM). Note that the donor number of y-butyrolactone was 15 9 
and that of nitromethane was 2.7. In this nonaqueous electrolyte, the content of H 2 0 was 20 ppm or less and 
that of ethylene glycol was 100 ppm or less. Table 1 also shows the nonaqueous solvent contained in thenon- 
aqueous electrolyte. 

Example 10 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material similar to that of Example 7 and a nonaqueous electrolyte 
described below were used. 

The nonaqueous electrolyte used had a composition in which lithium bistrifluormethylsulfonylimide 
[LiNfCFaSOsW was dissolved in an amount of 1.0 moltf in a solvent mixture (mixing volume ratio 60 - 40) of 
ethylene carbonate (EC) and y-butyrolactone (y-BL). Note that the donor number of y-butyrolactone was 15 9 
In thus nonaqueous electrolyte, the content of H 2 0 was 20 ppm or less, and that of ethylene glycol was 100 
ppm or less. Table 1 also shows the nonaqueous solvent contained in the nonaqueous electrolyte. 
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Example 11 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
5 as in Example 1 except that a carbonaceous material similar to that of Example 7 and a nonaqueous electrolyte 
described below were used. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 
dissolved in an amount of 1 .0 mol/f in a solvent mixture (mixing volume ratio 50 : 1 0 : 40) of ethylene carbonate 
(EC), propylene carbonate (PC), and diethyl carbonate (DEC). Note that the donor number of diethyl carbonate 
10 was 1 6.5. In this nonaqueous electrolyte, the content of H 2 0 was 20 ppm or less, and that of ethylene glycol 
was 100 ppm or less. Table 1 also shows the nonaqueous solvent contained in the nonaqueous electrolyte. 

Example 12 

15 The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 

as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 99 vol%, obtained from a petroleum pitch 
with a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 180 um, and these 
short fibers were carbonized at 1 ,000°C, forming mesophase pitch carbon fibers. These mesophase pitch car- 

20 bon fibers were found to have a fiber diameter of 15 \itr\. Subsequently, the carbon fibers were pulverized such 
that the final carbonaceous material had an average particle size of 30 um and was distributed at a ratio of 
90 vol% within the range of 1 to 80 um in a particle size distribution, and that particles with a particle size of 
0.5 um or less were removed. Thereafter, the mesophase pitch carbon fibers thus pulverized were graphitized 
through a heat treatment in a gas mixture atmosphere of chlorine gas and argon gas at 2,500°C, yielding a 

25 carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 30 
um, which was distributed at a ratio of 90 vol% within the range of 1 to 80 um in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 um or less was 3 vol% in the particle size distribution. 
The carbonaceous material was found to have a specific surface area of 4 m 2 /g when measured by a BET meth- 

30 od using N 2 gas adsorption. 

Various parameters (P 10 i/Pioo, <W. Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis. In this carbo- 
naceous material, the sulfur content was 1 00 ppm, the oxygen content was 1 00 ppm, the nitrogen content was 

35 100 ppm, and the content of each of Fe, Ni, V, A?, Cu, Ca, K, Zn, Cr, and Si was 1 ppm. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 
dissolved in an amount of 1.0 mol/£ in a solvent mixture (mixing volume ratio 50 : 50) of ethylene carbonate 
(EC) and propylene carbonate (PC). In this nonaqueous electrolyte, the content of H 2 0 was 20 ppm or less, 
and that of ethylene glycol was 1 00 ppm or less. Table 1 also shows the nonaqueous solvent contained in the 

40 nonaqueous electrolyte. 

Example 13 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
45 as in Example 1 except that a carbonaceous material described below and a nonaqueous electrolyte similar 
to that of Example 12 were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 99 vol%, obtained from a petroleum pitch 
with a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 350 um, and these 
fibers were carbonized at 1,000°C, forming mesophase pitch carbon fibers. These mesophase pitch carbon 
so fibers were found to have a fiber diameter of 7 um. Subsequently, the carbon fibers were pulverized such that 
the final carbonaceous material had an average particle size of 30 um and was distributed at a ratio of 90 vol% 
within the range of 1 to 80 um in a particle size distribution, and that particies with a particie size of 0.5 ^im 
or less were removed. Thereafter, the mesophase pitch carbon fibers thus pulverized were graphitized through 
a heat treatment in a gas mixture atmosphere of chlorine gas and argon gas at 2,800°C, yielding a carbona- 
55 ceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 30 
urn, which was distributed at a ratio of 90 vol% within the range of 1 to 80 in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 urn or less was 3 vol% in the particle size distribution. 
The carbonaceous material was found to have a specific surface area of 4 m 2 /g when measured by a BET meth- 
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od using N 2 gas adsorption. 

Various parameters (P 10 i/Pioo» Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
5 1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used, in this carbonaceous material, the sulfur content 
was 100 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 
of Fe, Ni, V, Af, Cu, Ca, K, Zn, Cr, and Si was 1 ppm. 

10 Example 14 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material described below and a nonaqueous electrolyte similar 
to that of Example 12 were used. 

15 First, mesophase spherulites were obtained from a mesophase pitch with a purity of an anisotropic pitch 

of 98 vol%, which was extracted from coal tar with a sulfur content of 2,000 ppm and a nitrogen content of 1 ,200 
ppm. These mesophase spherulites were carbonized at 1,000°C, obtaining mesophase spherical carbons. 
Subsequently, the mesophase spherical carbons thus obtained were graphitized through a heat treatment in 
a gas mixture atmosphere of chlorine gas and argon gas at 2,800°C, yielding a carbonaceous material. 

20 The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 5 

urn, which was distributed at a ratio of 90 vol% within the range of 1 to 30 jim in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 urn or less was 5 vol% in the particle size distribution. 
The carbonaceous material was found to have a specif ic surface area of 3 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

25 Various parameters (P101/P100. d 00 2» Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 100 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 

30 of Fe, Ni, V, A£, Cu, Ca, K, Zn, Cr, and Si was 1 ppm. 

Example 15 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
35 as in Example 1 except that a carbonaceous material described below and a nonaqueous electrolyte similar 
to that of Example 12 were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 99 vol%, obtained from a petroleum pitch 
with a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 220 um, and these 
fibers were carbonized at 1,000°C f forming mesophase pitch carbon fibers. These mesophase pitch carbon 
40 fibers were found to have a fiber diameter of 12 um. Subsequently, the mesophase pitch carbon fibers were 
pulverized such that the final carbonaceous material had an average particle size of 30 um and was distributed 
at a ratio of 90 vol% within the range of 1 to 60 urn in a particle size distribution, and that particles with a particle 
size of 0.5 jam or less were removed. Thereafter, the mesophase pitch carbon fibers thus pulverized were 
graphitized through a heat treatment in an argon gas atmosphere at 3,000°C, yielding a carbonaceous material. 
45 The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 30 
jim, which was distributed at a ratio of 90 vol% within the range of 1 to 60 um in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 urn or less was 3 vol% in the particle size distribution. 
The carbonaceous material was found to have a specific surface area of 9 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

so Various parameters (P101/P10C ^002. Lc> and La ) obtained bv x - rav diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 600 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 

55 of Fe, Ni, V, A£, Cu, Ca, K, Zn, Cr, and Si was 3 ppm. 

Example 16 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
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as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 95 vol%, obtained from a petroleum pitch 
with a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 500 urn, and these 

5 fibers were carbonized at 1,000°C, forming mesophase pitch carbon fibers. These mesophase pitch carbon 
fibers were found to have a fiber diameter of 3 nm. Subsequently, the mesophase pitch carbon fibers were 
heat-treated in a gas mixture atmosphere of chlorine gas and argon gas at 2,300°C and pulverized such that 
particles with a particle size of 0.5 \im or less were removed. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 15 

10 urn, which was distributed at a ratio of 90 vol% within the range of 1 to 80 in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 or less was 0 vol% in the particle size distribution. 
The carbonaceous material was found to have a specif ic surface area of 5 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters (P101/P100. d 00 2. Lc, and La) obtained by X-ray diffraction analysis were measured for 

15 the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis. In this carbo- 
naceous material, the sulfur content was 100 ppm, the oxygen content was 100 ppm, the nitrogen content was 
100 ppm, and the content of each of Fe and Ni was 1 ppm. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 

20 dissolved in an amount of 1.0 mol/? in a solvent mixture (mixing volume ratio 50 : 50) of ethylene carbonate 
and diethyl carbonate. Note that the donor number of diethyl carbonate was 16.5. In this nonaqueous elec- 
trolyte, the content of H 2 0 was 20 ppm or less, and that of ethylene glycol was 100 ppm or less. Table 1 also 
shows the nonaqueous solvent contained in the nonaqueous electrolyte. 

25 Example 17 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material described below and a nonaqueous electrolyte similar 
to that of Example 12 were used. 

30 First, a mesophase pitch with a purity of an anisotropic pitch of 99 vol%, obtained from a low-sulfur petro- 
leum pitch with a sulfur content of 5,000 ppm, was spun into short fibers with an average length of 250 urn, 
and these fibers were carbonized in an argon gas atmosphere at 1,000°C, forming mesophase pitch carbon 
fibers. These mesophase pitch carbon fibers were found to have a fiber diameter of 12 urn. Subsequently, the 
carbon fibers were pulverized such that the final carbonaceous material had an average particle size of 30 

35 |im and was distributed at a ratio of 90 vol% within the range of 1 to 80 urn in a particle size distribution, and 
that particles with a particle size of 0.5 or less were removed. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 30 
^im, which was distributed at a ratio of 90 vol% within the range of 1 to 80 ^im in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 ^im or less was 0 vol% in the particle size distribution. 

40 The carbonaceous material was found to have a specific surface area of 3 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters (Pioi/Pioo» <W. Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
1 below. Table 1 also shows the exothermic peak measured by a differential thermal analysis and the nona- 

45 queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 1,000 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 
of Fe, Ni, V, Ai, Cu, Ca, K, Zn, Cr, and Si was 3 ppm. 



50 



55 



22 



BNSDOCID: <EP. 



0573266A1J_> 



EP 0 573 266 A1 



10 



15 



20 



25 



30 



CD 
H 
X> 
03 
Eh 



'35 



40 



45 



50 



bi" 

a 












-H 


w 




CD 




to 



o 



5 s 



(0 

o 

55 



q 
o 
-p 
c 
o 
u 

CO 



C 0)| 

•h x: 

-P 

o a 

-H O 

to m 



a. 



a o 

cq in 

Q 

\ O 

U in 



o 
o 



(0 

.-3 



o 



a o 

W in 
Q 
\ o 
U in 
W 



o 
o 
eg 



a of 

W in 

Q "N 

\ o 

O in 



o 
o 



a o 

W m 

Q **s 

\ o 

a in 
w 



o 
o 



in 



O 
PI 



eg. 

o ) 
o l 



in 
ro 

o 



32 — 

03 

CD 

0 



CO] 
rH -Hi 
03 Wl 



O 

§ 

•H 
-P 
-H 
CO 

o 



-p 

3 O 
CO M 
03 Q) 
CD *U 
£ t« 
-H 
— T3 

a 



03 
03 1 



to 

CD I 



O 

GO 



>iJC 



H O 
O O 

rH rH 













-P 




■W 




a, 




0) 


rH 


CO 


03 


03 


•H 


-C CO 




Q*U 


cu 


O CD 


-p 


CO X) 


03 


0) *H 


S 





§ a) 

PCI Cli 



co 



in 
co 

co 



o 
in 

CO 



in 



eg 



CD 

CO W 

03 a> 

Q< ? 
0X1 
CO O 
0) 

s 



en 



eg 



eg 



o 

co 



o 

co 
co 



in 

CO 

en 



O o 
W in 

a \ 
\ o 
a in 
pa 



o 
o 
eg 



Q 



o 



o 
eg 



CO 
CO 

co 



in 
co 



o 



co 











CD 


o 


-p 




-p 


•h 


O 


•H 


04 


o 


au 


CD 


B 


CD 


CO 




CO 


03 


3 


03 


x: co 


rH 


X! CO 


a u\ 


O 


0* U 


0 CD 


u 


O CD 


CO X) 


-p 


CO X) 


CD *H 


CD 


<D -H 


23 <P 




2 iw 



co 



o 
oo 
co 



in 



o 

\ o 
U in 
W 



O 

o 



in 



CO o 
I on 
>\ 
\ O 

U in 



o 
o 



o 



o 
eg 



o 
co 
m 
co 



in 

CO 



eg 



co 
CD 



CD 
co 
03 

X3 . 
o XJ 

w o 

CD rH 
S 01 



ID 



eg 



o 

co 
co 



in 

CO 



u 

-p 

-H 

a* 
a> 

CO 
(0 

x: co 

O CD 
CO X) 
CD *H 

as mh 



pq o 
I ro 
>\ 

\ o 



o 
o 



m 



o 
eg 



o 
co 
m 
m 



in 

CO 



eg 



CD 
CO 
«3 

x: 



CO I 
CD 
H 



O XH 
CO o 
CD 



CO 



2 

(U o 
I m 

\ o 



O 
o 



T3 
CU 

a 
a 

•H 
-P 

o 
o 



o 



o 

CO 

m 

co 



in 
co 



eg 



a> 

w to 

03 CD 

X! rH 

O XI 
CO O 
CD rH 

2 d 



as 



55 



23 



BNSDOCID: <EP 0573266A1_I_> 



EP 0 573 266 A1 



5 
10 




Nonaqueous 
solvent ; Mixing 
ratio in 
parentheses 


EC/y-BL 
(60/40) 


EC/PC/DE 
(50/10/40) 


EC/PC 
(50/50) 


EC/ PC 
(50/50) 


EC/PC 
(50/50) 


EC/PC 
(50/50) 


EC/DEC 
(50/50) 


EC/ PC 
(50/50) 


15 




S content 
(ppm) 


o 
o 


o 
o 


OOT 


OOT 


OOT 


o 
o 


OOT 


o 
o 
co 


20 




(o e 


o 


o 


in 

CM 


o 


o 
in 


tn 
<# 


CM 
en 


• 

cn 




















• 


in 






J a 


H 

CM 


rH 
CM 


r- 

rH 


o 

CM 


in 

m 


H 

CM 


rH 


rH 


25 




CN — 

OS 
oq 


0.3370 


0.3370 


0.3395 


0.3380 


0.3359 


0.3375 


0.3410 


0.3600 


35 


Table 


Position of peak 
(°C) measured 
by differential 
thermal analysis 


in 

CO 


in 

CO 


o 

CO 
00 


o 
in 

00 


o 

GO 


in 

CO 


o 


o 
o 
r- 


40 




iH O 
O O 
H rH 


o 

H 


o 

rH 


0.75 


rH 
r-4 


o 

rH 


o 

rH 


o 


o 


45 






JC| 

u 
-p 

•H 


pitch 


pitch 


pitch 




pitch 


pitch 


pitch 


50 




Material 


Mesophase 
fibers 


j Mesophase 
fibers 


Mesophase 
fibers 


Mesophase 
fibers 


Mesophase 
alobules 


Mesophase 
fibers 


Mesophase 
fibers 


Mesophase 
fibers 


55 




Exam- 
ple 


o 

rH 


rH 
rH 


CM 
rH 


m 

rH 


«* 

rH 


in 

rH 


rH 


r- 

rH 



24 



BNSDOCID: <EP 0573266A1 J_> 



BP 0 573 266 A1 

Example 18 

A mesophase pitch with a purity of an anisotropic pitch of 100 vol%, obtained from a petroleum pitch with 
5 a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 250 urn, and these short 
fibers were carbonized through a heat treatment in an argon gas atmosphere at 1,000°C f forming mesophase 
pitch carbon fibers. These mesophase pitch carbon fibers were found to have a fiber diameter of 12 urn. Sub- 
sequently, the carbon fibers thus obtained were pulverized appropriately such that the final carbonaceous ma- 
terial had an average fiber length of 30 u.m and was distributed at a ratio of 90 vol% within the range of 1 to 
10 50 fim in a particle size distribution, and that the ratio of particles with a particle size of 0.5 urn or less was 5 
vol% or less. Thereafter, the resultant material was graphitized in a vacuum at 3,000°C, yielding a carbona- 
ceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average fiber length of 30 
^m, which was distributed at a ratio of 90 vol% within the range of 1 to 50 urn in a particle size distribution. 
15 The carbonaceous material was found to have a specific surface area of 5 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. Note that the orientation of a crystallite observed by an electron microscope was 
radial. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 
terial by using a half-width mid-point method. As a result, the value of P 10 i/Pioo was 1 .0, doo 2 was 0.3375 nm, 
20 Lc was 21 nm, La was 40 nm, and La/Lc was 1.91. In this carbonaceous material, the sulfur content was 100 
ppm, the oxygen content was 100 ppm or less, the nitrogen content was 100 ppm or less, and the content of 
each of Fe and Ni was 1 ppm. The values of P101/P100. d 00 * Lc, La, and La/Lc, and the sulfur content are sum- 
marized in Table 2 below. 

Subsequently, 96.7 wt% of the above carbonaceous material were mixed with 2.2 wt% of styrenebutadiene 
25 rubber and 1 . 1 wt% of carboxymethylcellulose, and the resultant mixture was coated on a copper foil as a col- 
lector, manufacturing a negative electrode. 

Separately, toluene was added to a mixture of 91 wt% of a lithium-cobalt oxide (Li x Co0 2 (0.8 g x ^ 1)) 
powder, 3.5 wt% of acetylene black, 3.5 wt% of graphite, and 2 wt% of an ethylenepropylenediene powder, 
and the resultant material was mixed sufficiently. The resultant mixture was coated on a 30 urn thick aluminum 
30 foil as a collector, and the resultant structure was pressed, thereby manufacturing a positive electrode. 

The positive electrode, a separator consisting of a polypropylene porous film, and the negative electrode 
were stacked in this order, and the resultant structure was spirally wound such that the negative electrode 
was located outside, manufacturing an electrode group. 

Separately, lithium phosphate hexafluoride (LiPF 6 ) was dissolved in an amount of 1.0 mol/f in a solvent 
35 mixture (mixing volume ratio 40 : 30 : 30) of ethylene carbonate (EC), propylene carbonate (PC), and diethyl 
carbonate (DEC), preparing a nonaqueous electrolyte. 

The electrode group and the electrolyte were placed in a cylindrical vessel having a bottom and consisting 
of stainless steel, thereby assembling the cylindrical lithium secondary battery shown in Fig. 1. 

40 Example 19 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 18 except that a carbonaceous material and a nonaqueous electrolyte described below were 
used. 

45 A mesophase pitch with a purity of an anisotropic pitch of 1 00 vol%, obtained from a petroleum pitch with 
a sulfur content of 8,000 ppm, was spun into short fibers with an average length of 250 u.m, and these short 
fibers were carbonized through a heat treatment in an argon gas atmosphere at 1 ,000°C, forming mesophase 
pitch carbon fibers. These mesophase pitch carbon fibers were found to have a fiber diameter of 16 \im. Sub- 
sequently, the carbon fibers were pulverized appropriately such that the final carbonaceous material had an 

so average fiber length of 40 u.m and was distributed at a ratio of 90 vol% within the range of 1 to 60 urn in a 
particle size distribution, and that particles with a particle size of 0.5 u.m or less were removed. Thereafter, 
the resultant material was graphitized In a vacuum at 3,000°C, thereby yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average fiber length of 30 
^m, which was distributed at a ratio of 90 vol% within the range of 1 to 60 u.m in a particle size distribution, 

55 and in which the ratio of particles with a particle size of 0.5 urn or less was 0 vol% in t he particle size distribution. 
The carbonaceous material was found to have a specific surface area of 3 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. Note that the orientation of a crystallite in the cross sections of the fibers observed 
by an electron microscope was radial. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 
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terial by using a half-width mid-point method. As a result, the value of P101/P100 was 1.0, doo2 was 0.3371 nm, 
Lc was 21 nm, La was 23 nm, and La/Lc was 1.33. In this carbonaceous material, the sulfur content was 100 
ppm or less, the oxygen content was 1 00 ppm or less, t he nitrogen content was 1 00 ppm or less, and the content 
5 of each of Fe and Ni was 1 ppm. The values of P 10 i/Pioo. <W. Lc, La, and La/Lc, and the sulfur content are 
summarized in Table 2 below. 

The nonaqueous electrolyte used contained 1 mol/£ of LiN (CF 3 S0 2 ) 2 as an electrolytic salt. Table 2 also 
shows the nonaqueous solvent contained in the nonaqueous electrolyte. 
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Comparative Example 1 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
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as in Example 1 except that a carbonaceous material described below was used. 

First, mesophase spherulites were obtained from a mesophase pitch extracted from coal tar with a sulfur 
content of 8,000 ppm and a nitrogen content of 9,000 ppm. These mesophase spherulites were carbonized in 

5 an argon atmosphere at 1,000°C, obtaining mesophase spherical carbons. These mesophase spherical car- 
bons were found to have a purity of an anisotropic pitch of 100 vol%. Subsequently, the mesophase spherical 
carbons thus obtained were graphitized at 2,800°C, yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 20 
|im, which was distributed at a ratio of 90 vol% within the range of 0.1 to 40 \xm in a particle size distribution, 

10 and in which the ratio of particles with a particle size of 0.5 ^m or less was 7.5 vol% in the particle size dis- 
tribution. The carbonaceous material was found to have a specific surface area of 5.1 m 2 /g when measured 
by a BET method using N 2 gas adsorption. 

Various parameters (Pk>i/Pioo» d 0 o2. Lc ' an< * *- a ) 0Dta ' nec * by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 

15 3 below. Table 3 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte used. In this carbonaceous material, the sulfur content 
was 600 ppm, the oxygen content was 100 ppm, the nitrogen content was 100 ppm, and the content of each 
of Fe and Ni was 3 ppm. 

20 Comparative Example 2 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a carbonaceous material described below was used. 
The carbonaceous material used was obtained by pulverizing natural graphite. 

25 The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 15 
urn, which was distributed at a ratio of 90 vol% within the range of 1 to 80 \itu in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 urn or less was 8 vol% in the particle size distribution. 
The carbonaceous material was found to have a specific surface area of 5.1 m 2 /g when measured by a BET 
method using N 2 gas adsorption. 

30 Various parameters (P m /P^ 00l d 00 2. Lc t and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
3 below. Table 3 also shows the exothermic peak measured by a differential thermal analysis and the nona- 
queous solvent contained in the nonaqueous electrolyte. In this carbonaceous material, the sulfur content was 
700 ppm, the oxygen content was 1 00 ppm, the nitrogen content was 1 00 ppm, and the content of each of Fe 

35 and Ni was 5 ppm. 

Comparative Example 3 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
ao as in Example 1 except t hat a carbonaceous material and a nonaqueous electrolyte described below were used. 

First, mesophase spherulites were obtained from a mesophase pitch with a purity of an anisotropic pitch 
of 98 vol%, which was extracted from coal tar with a sulfur content of 8,000 ppm and a nitrogen content of 9,000 
ppm. These mesophase spherulites were heat-treated in an argon gas atmosphere at 1 ( 000°C, obtaining me- 
sophase spherical carbons. Subsequently, these mesophase spherical carbons were graphitized in an argon 
45 gas atmosphere at 2,800°C, yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 6 
\im, which was distributed at a ratio of 90 vol% within the range of 0.1 to 15 um in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 um or less was 10 vol% in the particle size dis- 
tribution. The carbonaceous material was found to have a specific surface area of 8 m 2 /g when measured by 
so a BET method using N 2 gas adsorption. 

Various parameters (P101/P100. doo2» Lc, and La) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
3 below. Table 3 also shows the exothermic peak measured by a differential thermal analysis. In this carbo- 
naceous material, the sulfur content was 700 ppm, the oxygen content was 300 ppm, the nitrogen content was 
55 7,000 ppm, the Fe content was 580 ppm, and the Ni content was 8 ppm. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 
dissolved in an amount of 1.0 mol/% in a solvent mixture (mixing volume ratio 50 : 50) of ethylene carbonate 
(EC) and diethyl carbonate (DEC). Note that the donor number of diethyl carbonate was 16.5. In this nonaqu- 
eous electrolyte, the content of H 2 0 was 100 ppm or less, and that of ethylene glycol was 100 ppm or less. 
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Table 3 also shows the nonaqueous solvent contained in the nonaqueous electrolyte. 
Comparative Example 4 

5 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a nonaqueous electrolyte described below and a carbonaceous material similar 
to that of Comparative Example 3 were used. 

The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 
10 dissolved in an amount of 1.0 mol/f in a solvent mixture (mixing volume ratio 50 : 50) of ethylene carbonate 
(EC) and dimethylsuloxide (DMSO). Note that the donor number of dimethylsuloxide was 29.8. In this nona- 
queous electrolyte, the content of H 2 0 was 1 00 ppm or less, and that of ethylene glycol was 1 00 ppm or less. 
Table 3 also shows the nonaqueous solvent contained in the nonaqueous electrolyte. 

15 Comparative Example 5 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a nonaqueous electrolyte having a composition in which lithium phosphate hex- 
afluoride (LiPF 6 ) was dissolved in an amount of 1 .0 mol/F in ethylene carbonate (EC) and a carbonaceous ma- 
20 terial similar to t hat of Comparative Example 3 were used. Note t hat Table 3 also s hows t he nonaqueous solvent 
contained in the nonaqueous electrolyte. 

Comparative Example 6 

25 The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except that a nonaqueous electrolyte having a composition in which lithium phosphate hex- 
afluoride (LiPF 6 ) was dissolved in an amount of 1.0 molrf in a solvent mixture (mixing volume ratio 50 : 50) of 
ethylene carbonate (EC) and 1 ,2-dimethoxyethane (DME)and a carbonaceous material similar to that of Com- 
parative Example 3 were used. Note thatthe donor number of 1 ,2-dimethoxyethane was 20. Table 3 also shows 

30 the nonaqueous solvent contained in the nonaqueous electrolyte. 

Comparative Example 7 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
35 as in Example 1 except that a carbonaceous material and a nonaqueous electrolyte described below were used. 

First, a mesophase pitch with a purity of an anisotropic pitch of 95 vol% obtained from a petroleum pitch 
with a sulfur content of 1 0,000 ppm was spun into fibers, and these fibers were carbonized at 1,000°C, forming 
mesophase pitch carbon fibers. Subsequently, these carbon fibers were pulverized to yield a carbonaceous 
material. 

40 The resultant carbonaceous material was a carbonized powder with an average particle size of 20 um, 

which was distributed at a ratio of 90 vol% within the range of 1 to 80 um in a particle size distribution, and in 
which the ratio of particles with a particle size of 0.5 um or less was 5 vol% in the particle size distribution. 
The carbonaceous material was found to have a specif ic surface area of 4 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

45 Various parameters (P 10 i/Pioo. doo2> Lc, and La) obtained by X-ray diffraction analysis were measured for 

the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
3 below. Table 3 also shows the exothermic peak measured by a differential thermal analysis. In this carbo- 
naceous material, the sulfur content was 2,300 ppm, the oxygen content was 600 ppm, the nitrogen content 
was 200 ppm, the content of each of Fe and Ni was 5 ppm. 

so The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 

dissolved in an amount of 1.0 mol/f in a solvent mixture (mixing volume ratio 50 : 50) of ethylene carbonate 
and diethyl carbonate. Note that the donor number of diethyl carbonate was 16.5. In this nonaqueous elec- 
trolyte, the content of H 2 0 was 100 ppm or less, and that of ethylene glycol was 100 ppm or less. Table 3 also 
shows the nonaqueous solvent contained in the nonaqueous electrolyte. 

55 

Comparative Example 8 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 1 except t hat a carbonaceous material and a nonaqueous electrolyte described below were used. 
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First, a mesophase pitch with a purity of an anisotropic pitch of 95 vol%, obtained from coal tar with a sulfur 
content of 8,000 ppm and a nitrogen content of 9,000 ppm, was carbonized at 1,000°C, forming mesophase 
spherical carbons. 

s The resultant carbonaceous material was a carbon powder with an average particle size of 5 urn, which 

was distributed at a ratio of 90 vol% within the range of 0.1 to 1 5 u.m in a particle size distribution, and in which 
the ratio of particles with a particle size of 0.5 urn or less was 8 vol% in the particle size distribution. The car- 
bonaceous material was found to have a specific surface area of 6 m 2 /g when measured by a BET method 
using N 2 gas adsorption. 

10 Various parameters (Pioi/Pioo. 0*002. Lc, and La) obtained by X-ray diffraction analysis were measured for 

the above carbonaceous material by using a half-width mid-point method. The results are summarized in Table 
3 below. Table 3 also shows the exothermic peak measured by a differential thermal analysis. In this carbo- 
naceous material, the contents of various elements were that sulfur; 1,100 ppm, oxygen; 300 ppm, nitrogen; 
7,000 ppm, Fe; 580 ppm, Ni; 8 ppm, Si; 9 ppm, each of A?, Cr, V, Cu, and Ca; 1 ppm, and Zn; 17 ppm. 

is The nonaqueous electrolyte used had a composition in which lithium phosphate hexafluoride (LiPF 6 ) was 

dissolved in an amount of 1.0 mot/? in a solvent mixture (mixing volume ratio 50 : 50) of ethylene carbonate 
(EC) and propylene carbonate (PC). In this nonaqueous electrolyte, the content of H 2 0 was 20 ppm or less, 
and that of ethylene glycol was 1 00 ppm or less. Table 3 also shows the nonaqueous solvent contained in the 
nonaqueous electrolyte. 
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Comparative Example 9 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
5 as in Example 18 except that a carbonaceous material described below was used. 

Mesophase spherical carbons obtained from coal tar were carbonized in an argon gas atmosphere at 
1,000°C and then graphitized in an argon gas atmosphere at 2,800°C, yielding a graphitized carbonaceous 
material. 

The resultant carbonaceous material was a graphitized powder with an average particle size of 6 urn, which 
10 was distributed at a ratio of 90 vol% within the range of 1 to 80 urn in a particle size distribution, and in which 
the ratio of particles with a particle size of 0.5 u,m or less was 6 vol% in the particle size distribution. The car- 
bonaceous material was found to have a specific surface area of 1.2 m 2 /g when measured by a BET method 
using N 2 gas adsorption. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 
15 terial by using a half-width mid-point method. As a result, the value of P101/P100 was 2.6, doo 2 was 0.337 nm, 
Lc was 58 nm, La was 239 nm, and La/Lc was 4.12. The values of P101/P100. doo2» Lc, La, and La/Lc obtained 
by X-ray diffraction analysis are summarized in Table 4 below. Table 4 also shows the exothermic peak meas- 
ured by a differential thermal analysis, the nonaqueous solvent contained in the nonaqueous electrolyte used, 
and the sulfur content in the above carbonaceous material. 

20 

Comparative Example 10 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 18 except that a carbonaceous material described below was used. 
25 An anisotropic pitch obtained from a coal pitch was spun into fibers, and these fibers were graphitized in 
an argon atmosphere at 2,800°C and then pulverized, thereby yielding a carbonaceous material. 

The resultant carbonaceous material had an average particle size of 85 nm, was distributed at a ratio of 
90 vol% within the range of 1 to 80 u,m in a particle size distribution, and had a ratio of particles, with a particle 
size of 0.5 fim or less, of 6 vol% in the particle size distribution. The carbonaceous material was found to have 
30 a specific surface area of 5 m 2 /g when measured by a BET method using N 2 gas adsorption. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 
terial by using a half-width mid-point method. As a result, the value of P101/P100 was 2.6, d 0 o2 was 0.337 nm, 
Lc was 120 nm, La was 180 nm, and La/Lc was 1.5. The values of P 10 i/Pioo. oW. Lc, La, and La/Lc obtained 
by X-ray diffraction analysis are summarized in Table 4 below. Table 4 also shows the exothermic peak meas- 
35 ured by a differential thermal analysis, the nonaqueous solvent contained in the nonaqueous electrolyte used, 
and the sulfur content in the above carbonaceous material. 
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The lithium secondary batteries of Examples 1 to 5 and Comparative Examples 1 and 2 were repeatedly 
charged and discharged such that they were charged up to 4.2 V at a charge current of 400 mAfor three hours 
and then discharged down to 3.0 V at a current of 400 mA, thereby measuring the discharge capacity and the 
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cycle life of each battery. The results are shown in Fig. 2. 

As can be seen from Fig. 2, the lithium secondary batteries of Examples 1 to 5 had larger capacities and 
much longer cycle lives than those of the batteries of Comparative Examples 1 and 2 even at the high discharge 
5 rate. 

In addition, the discharge capacity of the lithium secondary battery of each of Examples 1 to 3 and Com- 
parative Examples 1 and 2 was measured at charge currents of 100 to 800 mA. The results are shown in Fig. 

3. Fig. 3 reveals that the decrease in discharge capacity was low in each lithium secondary battery of the pres- 
ent invention, indicating good high-rate discharge characteristics. 

10 Furthermore, the lithium secondary batteries of Examples 6 to 11 and 16 and Comparative Examples 3 

to 7 were repeatedly charged and discharged such that they were charged up to 4.2 V at a charge current of 
400 mAfor three hours and then discharged down to 3.0 V at a current of 400 mA, thereby measuring the 
discharge capacity and the cycle life of each battery. The results are shown in Fig. 4. As is apparent from Fig. 

4, the lithium secondary batteries of Examples 6 to 11 and 16 had larger capacities and much longer cycle 
15 lives than those of the batteries of Comparative Examples 3 to 7. 

Fig. 5 shows the discharge curves of the lithium secondary batteries of Example 7 and Comparative Ex- 
ample 7. 

As can be seen from Fig. 5, the lithium secondary battery of Example 7 could maintain a high voltage of 
3.8 V, i.e., was superior in flatness of a voltage to the battery of Comparative Example 7. Note that the lithium 
20 secondary batteries of Examples 1 to 6 and 8 to 11 could also maintain similar high voltages. 

The relationship between the charge-discharge efficiency in the first cycle and the sulfur content was 
checked for the lithium secondary batteries of Examples 12 to 15 and 17 and Comparative Example 8. The 
results are shown in Fig. 6. 

In addition, the lithium secondary batteries of Examples 18 and 19 and Comparative Examples 9 and 10 
25 were repeatedly charged and discharged such that they were charged up to 4.2 V at a charge current of 400 
mAfor three hours and then discharged down to 2.7 V at a high-rate current of 1 A, thereby measuring the 
discharge capacity and the cycle life of each battery. The results are shown in Fig. 7. 

As is apparent from Fig. 7, the lithium secondary batteries of Examples 18 and 19 had larger capacities 
and much longer cycle lives than those of the batteries of Comparative Examples 9 and 10 even at the high 
30 discharge rate. 

Note that the lithium secondary battery of Example 19 presented similar cycle characteristics in the 
charge-discharge cycle tests at 60°C and room temperature, indicating a startling effect derived from the use 
of LiN(CF 3 S0 2 )2 as an electrolytic salt. 

35 Example 20 

First, a mesophase with a purity of an anisotropic pitch of 100% obtained from a petroleum pitch was spun 
into short fibers, and these short fibers were carbonized through a heat treatment in an argon atmosphere at 
1,000°C, forming mesophase pitch carbon fibers. These mesophase pitch carbon fibers were found to have 
40 d 00 2 of 0.360 nm, when measured by X-ray diffraction analysis, and an average fiber diameter of 12 urn. Sub- 
sequently, the carbon fibers thus obtained were properly pulverized such that the final carbonaceous material 
was distributed at a ratio of 90 vol% within the range of 0.5 to 80 u.m in a fiber length distribution. Thereafter, 
the carbon fibers thus pulverized were graphitized in an argon atmosphere at 3,000°C, yielding a carbonaceous 
material. 

45 The resultant carbonaceous material was a graphitized carbon powder with an average fiber diameter of 
11 urn, which was distributed at a ratio of 90 vol% within the range of 1 to 80 u.m in a fiber length distribution. 
The carbonaceous material was found to have a specif ic surface area of 8 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 

50 terial by using a half-width mid-point method. As a result, d 002 was 0.3375 nm, Lc was 21 nm, La was 40 nm, 
and the value of P101/P100 was 1 .0. The exothermic peak measured by a diffraction thermal analysis in the air 
was 870°C. In this carbonaceous material, the sulfur content was 100 ppm or less, the oxygen content was 
100 ppm or less, the nitrogen content was 1 00 ppm or less, and the content of each of Fe and Ni was 1 ppm. 
Subsequently, 96.7 wt% of the above carbonaceous material were mixed with 2.2 wt% of styrenebutadiene 

55 rubber and 1.1 wt% of carboxymethylcellulose to prepare a mixture, and equal quantities of the mixture thus 
prepared were coated on both the surfaces of a 10 ujti thick copperfoil as a collector, manufacturing a negative 
electrode. The thickness of the negative electrode except the collector was 180 \irr\, and the weight of the mix- 
ture coated on one surface of the collector constituting the negative electrode was 140 g/m 2 . The bulk density 
of the negative electrode was 1.56 g/cm 2 . 
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Separately, toluene was added to 91 wt% of a lithium-cobalt oxide (LiCo0 2 ) powder, as a positive electrode 
active material, 3.5 wt% of acetylene black, 3.5 wt% of graphite, and 2 wt% of an ethylenepropylenediene 
monomer powder, and the resultant material was mixed sufficiently to prepare a mixture. Thereafter, equal 

5 quantities of the mixture thus prepared were coated on both the surfaces of a 30 urn thick aluminum foil as a 
collector, and the resultant structure was pressed to manufacture a positive electrode. The thickness of the 
positive electrode except the collector was 270 u.m, and the weight per unit area of the mixture coated on one 
surface of the collector was 378 g/m 2 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 

10 electrode except the collector was 1 .33 : 1, and the ratio of the weight per unit area of the positive electrode 
to that of the negative electrode was 2.7 : 1 . 

The positive electrode, a separator consisting of a polypropylene porous film, and the negative electrode 
were stacked in this order, and the resultant structure was spirally wound such that the negative electrode 
was located outside, manufacturing an electrode group. 

15 Separately, lithium phosphate hexafluoride (LiPF 6 ) was dissolved in an amount of 1.0 mol/£ in a solvent 

mixture (mixing volume ratio 1:1:1) of ethylene carbonate (EC), polypropylene carbonate (PC), and diethyl 
carbonate (DEC), preparing a nonaqueous electrolyte. Note that the donor number of DEC was 16, and the 
amount of H 2 0 contained in this nonaqueous electrolyte was 20 ppm. 

The electrode group and the nonaqueous electrolyte were placed in a cylindrical case having a bottom and 

20 consisting of stainless steel, thereby assembling the cylindrical lithium secondary battery shown in Fig. 1 . Table 
5 below shows doo2> Lc, La, Pioi/Pioo> tne differential exothermic peak temperature, the thickness ratio of the 
positive and negative electrodes, the weight ratio of the positive and negative electrodes, the material of the 
positive electrode, the bulk density of the negative electrode, and the amount of the nonaqueous electrolyte 
was 3.85 cm 3 . 

25 

Example 21 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that positive and negative electrodes having thicknesses and weights described below 
30 were used. 

The thickness of the positive electrode except a collector was 245 urn, and the weight per unit area of a 
mixture coated on one surface of the collector was 340 g/m 2 . 

The thickness of the negative electrode except a collector was 220 urn, and the weight per unit area of a 
mixture coated on one surface of the collector was 150 g/m 2 . The bulk density of the negative electrode was 
35 1.43 g/m 3 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 
electrode except the collector was 1 .02 : 1 , and the ratio of the weight per unit area of the positive electrode 
to that of the negative electrode was 2.27 : 1. Note that the amount of the nonaqueous electrolyte used was 
4.0 cm 3 . 

40 

Example 22 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that lithium- nickel oxide (LiNi0 2 ) was used as an active material of a positive electrode 
45 and LiN(CF 3 S0 2 )2 was used as an electrolytic salt of a nonaqueous electrolyte. Note that the amount of the 
nonaqueous electrolyte was 4.0 cm 3 . 

Example 23 

so The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that lithium-manganese oxide (LiMn 2 0 4 ) was used as an active material of a positive 
electrode and positive and negative electrodes having thicknesses and weights described below were used. 

The thickness of the positive electrode except a collector was 290 um, and the weight per unit area of a 
mixture coated on one surface of the collector was 390 g/m 2 . 

55 The thickness of the negative electrode except a collector was 1 75 urn, and the weight per unit area of a 

mixture coated on one surface of the collector was 132 g/m 2 . The bulk density of the negative electrode was 
1.60 g/m 3 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 
electrode except the collector was 1 .58 : 1, and the ratio of the weight per unit area of the positive electrode 
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to that of the negative electrode was 2.95 : 1. Note that the amount of the nonaqueous electrolyte used was 
3.6 cm 3 . 

5 Example 24 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that a carbonaceous material described below was used. 

Mesophase spherical carbons from which a portion of the surface layer corresponding to 15 wt% was re- 
10 moved by oxidation in the air were graphitized at 2,800°C, yielding a carbonaceous material. 

Various parameters (doo 2 , Lc, La, and P101/P100) obtained by X-ray diffraction analysis were measured for 
the above carbonaceous material by using a half-width mid-point method. As a result, d 00 2 was 0.3359 nm, Lc 
was 37 nm, La was 66 nm, and P 10 i/Pioo was 2.1 5. The differential exothermic peak was 800°C, and the sulfur 
content was 100 ppm. Note that the amount of the nonaqueous electrolyte used was 4 cm 3 . 

15 

Example 25 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that a positive electrode active material similar to that of Example 23, and a carbo- 
20 naceous material described below, and positive and negative electrodes having thicknesses and weights de- 
scribed below were used. 

First, a mesophase pitch with a purity of 1 00% obtained from a petroleum pitch was spun into short fibers, 
and these short fibers were carbonized through a heat treatment in an argon atmosphere at 1 ,000°C, forming 
mesophase pitch carbon fibers (d 00 2 = 0-355 nm). These mesophase pitch carbon fibers were found to have 

25 an average fiber diameter of 17 \im. Subsequently, the carbon fibers thus obtained were properly pulverized 
such that the final carbonaceous material was distributed at a ratio of 90 vol% within the range of 0.5 to 60 
nm in a fiber length distribution. Thereafter, the carbon fibers thus pulverized were graphitized in an argon 
atmosphere at 3,000°C, yielding a carbonaceous material. 

The resultant carbonaceous material was a graphitized carbon powder with an average fiber diameter of 

30 16 nm, which was distributed at a ratio of 90 vol% within the range of 0.5 to 60 u.m in a fiber length distribution. 
The carbonaceous material was found to have a specif ic surface area of 4 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. 

Various parameters obtained by X-ray diffraction analysis were measured for the above carbonaceous ma- 
terial by using a half-width mid-point method. As a result, doo2 was 0.3368 nm, Lc was 21 nm, La was 28 nm, 

35 and the value of P 10 i/Pioo was 1 .1 . The exothermic peak measured by a diffraction thermal analysis in the air 
was 840°C. In the carbonaceous material, the sulfur content was 100 ppm or less, the oxygen content was 
100 ppm or less, the nitrogen content was 1 00 ppm or less, and the content of each of Fe and Ni was 1 ppm. 

The thickness of the positive electrode used, except for a collector, was 275 urn, and the weight per unit 
area of a mixture coated on one surface of the collector was 389 g/m 2 . 

40 The thickness of the negative electrode used, except for a collector, was 190 nm, and the weight per unit 
area of a mixture coated on one surface of the collector was 140 g/m 2 . The bulk density of the negative elec- 
trode was 1.56 g/cm 2 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 
electrode except the collector was 1 .36 : 1 , and the ratio of the weight per unit area of the positive electrode 
45 to that of the negative electrode was 2.75 : 1. The amount of the nonaqueous electrolytic used was 3.85 cm 3 . 

Example 26 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
so as in Example 20 except that positive and negative electrodes having thicknesses and weights similar to those 
of Example 21 and a carbonaceous material described below were used. 

First, coke obtained from a low-sulfur petroleum pitch (sulfur content = 8,000 ppm or less) was carbonized 
in an argon atmosphere at 1,000°C and then properly pulverized such that the final carbonaceous material 
had an average particle size of 40 u.m and was distributed at a ratio of 90 vol% within the range of 1 to 80 nm 
55 as a particle size, and that particles with a particle size of 0.5 nm or less were reduced (to 5 vol% or less). 
Thereafter, the resultant material was graphitized in an argon atmosphere at 3,000°C, yielding a carbonaceous 
material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 40 
nm, which was distributed at a ratio of 90 vol% within the range of 1 to 80 nm in a particle size distribution, 
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and in which the ratio of particles wit h a particle size of 0.5 urn or less was 0 vol% in the particle size distribution. 
The carbonaceous material was found to have a specif ic surface area of 3 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. The shape of the powder was a particle. When X-ray diffraction analysis was per- 
formed, d 002 was 0.3354 nm, Lc was 43 nm, La was 43 nm, and La/Lc was 1. The value of an intensity ratio 
P101/P100 was 3.6. Note that the ratio of a (101 ) diffraction peak of a rhomboidal system to that of a hexagonal 
system, obtained by X-ray diffraction analysis, was 0.4. In this carbonaceous material, the sulfur content was 
100 ppm or less, the oxygen content was 100 ppm or less, the nitrogen content was 100 ppm or less, and the 
content of each of Fe and Ni was 1 ppm. 

Note that the amount of the nonaqueous electrolyte used was 4.2 cm 3 . 

Example 27 
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The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that positive and negative electrodes having thicknesses and weights similar to those 
of Example 21 and a carbonaceous material described below were used. 

First, coke obtained from a low-sulfur petroleum pitch (sulfur content = 8,000 ppm or less) was carbonized 
in an argon atmosphere at 1,000°C and then properly pulverized such that the final carbonaceous material 
had an average particle size of 40 urn and was distributed at a ratio of 90 vol% within the range of 1 to 80 nm 
as a particle size, and that particles with a particle size of 0.5 nm or less were reduced (to 5 vol% or less). 
Thereafter, the resultant material was graphitized in an argon atmosphere at 2,600°C, yielding a carbonaceous 
material. 

The resultant carbonaceous material was a graphitized carbon powder with an average particle size of 40 
nm, which was distributed at a ratio of 90 vol% within the range of 1 to 80 urn in a particle size distribution, 
and in which the ratio of particles with a particle size of 0.5 nm or less was 0 vol% in the particle size distribution! 
The carbonaceous material was found to have a specif ic surface area of 3 m 2 /g when measured by a BET meth- 
od using N 2 gas adsorption. The shape of the powder was a particle. When X-ray diffraction analysis was per- 
formed, d 002 was 0.3390 nm, Lc was 1 8 nm, La was 30 nm, and La/Lc was 1 .67. The value of an intensity ratio 
P101/P100 was 0.75. In this carbonaceous material, the sulfur content was 500 ppm or less, the oxygen content 
was 200 ppm or less, the nitrogen content was 100 ppm or less, and the content of each of Fe and Ni was 20 
ppm. 

Note that the amount of the nonaqueous electrolyte used was 4.3 cm 3 . 
Comparative Example 11 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that a carbonaceous material described below and positive and negative electrodes 
having thicknesses and weights described below were used. 

As a carbonaceous material, a petroleum pitch and coke carbonized at 1,400°C were used. When X-ray 
diffraction analysis was performed, this carbonaceous material was found to have P 10 i/Pioo of 0, d 002 of 0.350 
nm, and Lc of 1.5 nm. The differential exothermic peak was 703°C, and the sulfur content was 1 ,200 ppm. 

The thickness of the positive electrode used, except for a collector, was 200 nm, and the weight per unit 
area of a mixture coated on one surface of the collector was 265 g/m 2 . 

The thickness of the negative electrode used, except for a collector, was 260 um, and the weight per unit 
area of a mixture coated on one surface of the collector was 150 g/m 2 The bulk density of the negative elec- 
trode was 1.25 g/m 3 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 
electrode except the collector was 0.68 : 1 , and the ratio of the weight per unit area of the positive electrode 
to that of the negative electrode was 1 .77 : 1. Note that the amount of the nonaqueous electrolyte used was 



so 5 cm 3 . 



Comparative Example 12 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that an active material of a positive electrode similar to that of Example 24 and positive 
and negative electrodes having thicknesses and weights described below were used. 

The thickness of the positive electrode used, except for a collector, was 320 urn, and the weight per unit 
area of a mixture coated on one surface of the collector was 420 g/m 2 . 

The thickness of the negative electrode used, except for a collector, was 140 nm, and the weight per unit 
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area of a mixture coated on one surface of the collector was 100 g/m 2 . The bulk density of the negative elec- 
trode was 1.33 g/m 3 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 
5 electrode except the collector was 2.23 : 1 , and the ratio of the weight per unit area of the positive electrode 
to that of the negative electrode was 4.2 : 1 . Note that the amount of the nonaqueous electrolyte used was 2 
cm 3 . 

Comparative Example 13 

10 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that positive and negative electrodes having thicknesses and weights described below 
were used. 

The thickness of the positive electrode used, except for a collector, was 220 urn, and the weight per unit 
15 area of a mixture coated on one surface of the collector was 290 g/m 2 . 

The thickness of the negative electrode used, except for a collector, was 240 urn, and the weight per unit 
area of a mixture coated on one surface of the collector was 170 g/m 2 The bulk density of the negative elec- 
trode was 1 .48 g/m 3 . 

The ratio, therefore, of the thickness of the positive electrode except the collector to that of the negative 
20 electrode except the collector was 0.83 : 1 , and the ratio of the weight per unit area of the positive electrode 
to that of the negative electrode was 0.83 : 1 . Note that the amount of the nonaqueous electrolyte used was 
5 cm 3 . 

Comparative Example 14 

25 

The cylindrical lithium secondary battery shown in Fig. 1 was assembled following the same procedures 
as in Example 20 except that a carbonaceous material described below and positive and negative electrodes 
having thicknesses and weights similar to those of Example 21 were used. 

First, a mesophase pitch with a purity of 1 00% obtained from a petroleum pitch was spun into short fibers, 

30 and these short fibers were graphitized through a heat treatment in an argon atmosphere at 2,800°C, forming 
mesophase pitch carbon fibers. These mesophase pitch carbon fibers were found to have d 00 2 of 0-339 nm, 
Lc of 18 nm, La of 30 nm, and P 10 i/Pioo of 0.6. Subsequently, the carbon fibers thus obtained were pulverized 
to yield a carbonaceous material which had an average fiber length of 150 urn and was distributed at a ratio 
of 20 vol% within the range of 0.5 to 100 urn in a fiber length distribution. This carbonaceous material was 

35 found to have a specific surface area of 1 .2 rtf/g when measured by a BET method using N 2 gas adsorption. 
Note that the negative electrode used, except for a collector, had a weight of 1 20 g/m 2 for one surface, a t hick- 
ness of 190 nm, and a bulk density of 1.33 g/cm 3 . In addition, the amount of the nonaqueous electrolyte used 
was 4.5 cm 3 . 
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The lithium secondary batteries of Examples 20 to 27 and Comparative Examples 1 1 to 14 were repeatedly 
charged and discharged at room temperature such that they were charged up to 4.2 V at a charge current of 
400 mAfor three hours and then discharged down to 3.0 V at a current of 400 mA, thereby measuring the 
discharge capacity and the cycle life of each battery. The results are shown in Fig. 8. 

As can be seen from Fig. 8, the lithium secondary batteries of Examples 20 to 27 had larger capacities 
and much longer cycle lives than those of the batteries of Comparative Examples 11 to 14. 

In addition, the same cycle characteristic test as in Example 1 was performed for the lithium secondary 
battery of Example 22 at a battery operating temperature of 60*C, measuring the cycle life of the battery. As 
a result, the capacity after the operation of 300 cycles was approximately 80% that of the battery operated 
the same number of cycles at room temperature. For comparison, a battery was manufactured following the 
same procedures as in Example 22 except that LiPF6 was used as an electrolytic salt, and was subjected to 
the same cycle tests at room temperature and 60°C. The result was that the capacity after the operation of 
300 cycles at 60°C was about 50% that of the battery operated the same number of cycles at room temperature. 

Note that EC/PC/DEC (1 : 1 : 1) was used as the nonaqueous solvent for the nonaqueous electrolyte in 
each of Examples 20 to 27, but high capacities and long lives could be obtained as in Examples 20 to 27 even 
by the use of any solvent mixture of EC/DEC (1:1), EC/y-BL (1:1), EC/y-BL/DEC (2:1:1), and EC/PC (1 : 
1). In addition, high capacities and long lives could be similarly obtained even when 5 vol%'of toluene or m- 
xylene were added in order to reduce the viscosity of the nonaqueous electrolyte. 

As has been described above, according to the present invention, there is provided a lithium secondary 
battery having a high capacity and excellent in charge-discharge efficiency, a cycle life, flatness of discharge 
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voltage, and rapid charge-discharge cycle characteristics. 

In addition, according to the present invention, there is also provided a met hod of manufacturing a negative 
electrode carbonaceous material suitable for the above-mentioned lithium secondary battery having superior 
characteristics. 



Claims 

10 1. A lithium secondary battery characterized by comprising: 
a positive electrode (4) housed in a case (1); 

a negative electrode (6) housed in the case (1) and containing a carbonaceous material which has 
an exothermic peak at not less than 700°C when measured by a differential thermal analysis, and an in- 
tensity ratio P101/P100 of a (101) diffraction peak P 10 i to a (100) diffraction peak P 100 of a graphite structure, 
15 obtained by X-ray diffraction analysis, of 0.7 to 2.2, and absorbs and desorbs lithium ions; 

a separator (5) housed in the case (1) so as to be arranged between the positive and negative elec- 
trodes (4, 6); and 

a nonaqueous electrolyte contained in the case (1). 

20 2. The secondary battery according to claim 1 , characterized in that the carbonaceous material has an in- 
terplanar distance (doo 2 ) of (002) planes of a graphite structure, obtained by X-ray diffraction analysis, 
0.336 to 0.338 nm, a ratio LaVLc of a length La in an a-axis direction to a length Lc in a c-axis direction of 
1.3 to 2.5, and a length La in the a-axis direction of not more than 100 nm. 

25 3. The secondary battery according to claim 1 , characterized in that the carbonaceous material consists of 
fibrous powders which are distributed at a ratio of not less than 90 vol% within the range of a length of 
0.5 to 100 jim and have an average diameter of 1 to 30 nm. 
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4. The secondary battery according to claim 1 , characterized in that the carbonaceous material consists of 
spherical particles which are distributed at a ratio of not less than 90 vol% within the range of a particle 
size of 1 to 100 nm and have an average particle size of 1 to 80 nm. 

5. A lithium secondary battery characterized by comprising: 

a positive electrode (4) housed in a case (1); 

a negative electrode (6) housed in the case (1) and containing a carbonaceous material which has 
an exothermic peak at not less than 700°C when measured by a differential thermal analysis, an average 
length La of a crystallite in an a-axis direction of a graphite structure, which is derived from a diffraction 
peak of a (110) plane obtained- by X-ray diffraction analysis, of 20 to 100 nm, and a sulfur content of not 
more than 1,000 ppm, and absorbs and desorbs lithium ions; 

a separator (5) housed in the case (1) so as to be arranged between the positive and negative elec- 
trodes (4. 6); and 

a nonaqueous electrolyte contained in the case (1) and consisting of a solvent mixture containing 
ethylene carbonate and at least one nonaqueous solvent, which has a melting point lower than the melting 
point of ethylene carbonate and a donor number of not more than 18, and a lithium salt dissolved in the 
solvent mixture. 



6. The secondary battery according to claim 5, characterized in that the carbonaceous material has an exo- 
thermic peak at not less than 700°C when measured by a differential thermal analysis, an intensity ratio 
P101/P100 of a (101) diffraction peak P 10i to a (100) diffraction peak P 100 of a graphite structure, obtained 
by X-ray diffraction analysis, of 0.7 to 2.2, and a sulfur content of not more than 1,000 ppm. 

7. The secondary battery according to claim 5, characterized in that the nonaqueous solvent having a donor 
number of not more than 18 is at least one material selected from the group consisting of dimethyl car- 
bonate, diethyl carbonate, propylene carbonate, y-butyrolactone, acetonitrile, nitromethane, nitroben- 
zene, ethyl acetate, toluene, xylene, and methyl acetate. 

55 

8. The secondary battery according to claim 5, characterized in that the lithium salt is at least one material 
selected from the group consisting of lithium perchlorate (LiCf 0 4 ), lithium phosphate hexafluoride (LiPF e ), 
lithium borofluoride (LiBF 4 ), arsenolithium hexafluoride (LiAsF Q ), lithium trifluoromethasulfonate 
(LiCF 3 S0 3 ), and lithium bistrifluoromethylsulfonylimide (LiN(CF 3 S0 2 )2). 
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9. The secondary battery according to claim 5, characterized in that the lithium salt is dissolved within the 
range of 0.5 to 2.0 mols/f in said solvent mixture. 

5 10. A lithium secondary battery characterized by comprising: 
a positive electrode (4) housed in a case (1); 

a negative electrode (6) housed in the case (1) and containing a carbonaceous material which has 
an exothermic peak at not less than 700°C when measured by a differential thermal analysis, a content 
of each metal element of 0 to 50 ppm, a silicon content of 0 to 50 ppm, a nitrogen content of 0 to 1,000 
to ppm, and a sulfur content of not more than 1 ,000 ppm, and absorbs and desorbs lithium ions; 

a separator (5) housed in the case (1) so as to be arranged between said positive and negative 
electrodes (4, 6); and 

a nonaqueous electrolyte contained in the case (1). 

15 11. A lithium secondary battery characterized by comprising: 

a positive electrode (4) housed in a case (1) and containing, as an active material, a lithium metal 
compound which includes at least one metal selected from the group consisting of cobalt, nickel, manga- 
nese, vanadium, titanium, molybdenum, and iron; 

a negative electrode (6) housed in the case (1) and containing a carbonaceous material which has 
20 an interplanar distance doo2 of (002) planes of a graphite structure, obtained by X-ray diffraction analysis, 

of not more than 0.340 nm, and absorbs and desorbs lithium ions; 

a separator (5) housed in the case (1 ) so as to be arranged between the positive and negative elec- 
trodes (4, 6); and 

a nonaqueous electrolyte contained in the case (1), 
25 wherein a ratio of a thickness of the positive electrode (4) to a thickness of the negative electrode 

(6) is 2 : 1 to 0.9 : 1 , and a ratio of a weight per unit area of the positive electrode (4) to a weight per unit 
volume of the negative electrode (6) is 4 : 1 to 2 : 1. 
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12. The secondary battery according to claim 11, characterized in that the lithium metal compound is at least 
one material selected from the group consisting of lithium-cobalt oxide, lithium- nickel oxide, and lithium- 
manganese oxide. 

13. The secondary battery according to claim 11, characterized in that the positive electrode (4) comprises 
a metal foil having a thickness of 10 to 40 \im and consisting of aluminum, stainless steel, or nickel, as a 
collector for holding the active material. 

14. The secondary battery according to claim 11, characterized in that the carbonaceous material has an exo- 
thermic peak at not less than 700°C when measured by a differential thermal analysis and an intensity 
ratio P 10 i/Pioo of a (100) diffraction peak P 10 i to a (100) diffraction peak P 100 of a graphite structure, ob- 
tained by X-ray diffraction analysis, of 0.7 to 2.2. 

15. The secondary battery according to claim 11, characterized in that the negative electrode comprises a 
metal foil having a thickness of 5 to 30 nm and consisting of copper, stainless steel, or nickel, as a collector 
for holding the carbonaceous material. 

45 16. The secondary battery according to claim 11, characterized in that the nonaqueous electrolyte has a com- 
position in which a lithium salt is dissolved in a nonaqueous solvent. 

17. A lithium secondary battery characterized by comprising: 

a positive electrode (4) housed in a case (1) and containing, as an active material, a lithium metal 
50 compound which includes at least one metal selected from the group consisting of cobalt, nickel, manga- 

nese, vanadium, titanium, molybdenum, and iron; 

a negative electrode (6) housed in the case (1) and containing a carbonaceous material which has 
an interplanar distance d 002 of (002) planes of a graphite structure, obtained by X-ray diffraction analysis, 
of not more than 0.340 nm, and absorbs and desorbs lithium ions; 
55 a separator (5) housed in the case (1 ) so as to be arranged between the positive and negative elec- 

trodes (4, 6); and 

a nonaqueous electrolyte contained in the case (1), 

wherein a bulk density of the carbonaceous material of the negative electrode (6) is 1.35 to 1.80 

g/cm 3 . 

44 



BNSDOCID: <EP 0573266A1 J_> 



EP 0 573 266 A1 



10 



15 



20 



30 



18. The secondary battery according to claim 17, characterized in that the lithium metal compound is at least 
one material selected from the group consisting of lithium-cobalt oxide, nickel-cobalt oxide, and lithium- 
manganese oxide. 

19. The secondary battery according to claim 17, characterized in that the positive electrode (6) comprises, 
a metal foil having a thickness of 10 to 40 \im and consisting of aluminum, stainless steel, or nickel, as a 
collector for holding the active material. 

20. The secondary battery according to claim 1 7, characterized in thatthe carbonaceous material has an exo- 
thermic peak at not less than 700°C when measured by a differential thermal analysis and an intensity 
ratio P101/P100 of a (100) diffraction peak P 10 i to a (100) diffraction peak P 100 of a graphite structure, ob- 
tained by X-ray diffraction analysis, of 0.7 to 2.2. 

21. The secondary battery according to claim 17, characterized in that the negative electrode (6) comprises 
a metal foil having a thickness of 5 to 30 urn and consisting of copper, stainless steel, or nickel, as a col- 
lector for holding the carbonaceous material. 

22. The secondary battery according to claim 17, characterized in thatthe nonaqueous electrolyte has a com- 
position in which a lithium salt is dissolved in a nonaqueous solvent. 



23. A method of manufacturing a carbonaceous material for a negative electrode of a battery, characterized 
by comprising the steps of: 

carbonizing through a heat treatment at least one material selected from coke and one of fibrous 
and spherical carbon materials obtained from a pitch having anisotropy, thereby forming a carbon product; 
25 pulverizing the carbon product into a carbon product powder; and 

graphitizing the carbon product powder through a heat treatment at not less than 2,000°C. 

24. The method according to claim 23, characterized in that the pitch having anisotropy contains not less than 
95 vol% of an anisotropic pitch. 



25. The method according to claim 23, characterized in that the fibrous material consists of short fibers having 
a length of 100 to 1,000 urn. 



26. The method according to claim 23, characterized in that the carbon product has an interplanar distance 
3 5 d 0 02 of (002) planes, obtained by X-ray diffraction analysis, of 0.344 to 0.380 nm. 

27. The method according to claim 23, characterized in that the carbon product has an orientation. 

28. The method according to claim 23, characterized in that after being carbonized, the fibrous material is 
so pulverized as to be distributed at a ratio of not less than 90 vol% within the range of a length of 0.5 to 

40 1 00 nm and have an average diameter of 1 to 30 ^m. 

29. The method according to claim 23, characterized in that the heat treatment in the carbonization step is 
performed at a temperature of 600°C to 2,000°C. 

45 30. The method according to claim 23, characterized in that the graphitization step is performed in an atmos- 
phere containing chlorine gas. 

31. The method according to claim 23, characterized in that the pitch having anisotropy is a mesophase pitch. 
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